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Abstract

Global decline of natural energy sources has grediverted attention of the
scientific community to search for alternative eyyesources particularly those which
can make use of the exhaust heat into useful en@tgrmoelectric materials have
received great attention in this regard and two ndasses of intermetallics
“Skutterudites” and “Clathrates” are being consédkeras promising candidates for
future thermoelectric applications. Information @mase diagrams and crystal
structure of the compounds are mandatory to desstioicture-property relationships
completely. The present work aims to investigatmary and quarternary alloy
systems forming clathrates, skutterudites and/omamides, silicides and germinides
and to provide complete information on phase efuid, formation and the crystal
structure of the ternary compounds in potentidigrinoelectric systems.

Phase relations were established using light dpteeroscopy, x-ray diffraction and
electron probe micro analysis on polished surfaddke as cast and annealed alloys
in the Sr-poor part of the ternary systems Sr—Net00 °C, Sr—Cu-Si at 800 °C,
composition regions Ceslsb-M of the ternary systems Ce-M-Sb (M = Si, Ge) S
at 600-200°C , Nd-Fe-Sb system at 800 °C and oquate systenBa-Pd-Zn-Ge at
800 °C and Sb rich corner of the Ce-TM-Sb (TM =2, Hf, V, Nb, Ta, Cr, Mo, W,
Mn, Re, Cu, Ag, Au, Zn, Cd) at 600 °C . A conneitfivscheme for the phase
equilibria in the “BaGeys” corner in Ba-Pd-Zn-Ge system at 800 °C has akenb
derived.

X-ray single crystal diffraction and x-ray powdeffidction were used to established
crystal structure of new/unknown ternary compouadd to precisely determine the
site occupations and site preference in clathratiel solutions, BgZnGess.x.,Siy,
Bag(Zn,Cu)Gessx and Bg(Zn,Pd)XGesx. The temperature dependent X-ray single
crystal spectra for Bdn;Sisg (Clathrate type ) define an Einstein mo@g, 33 = 80

K. Detailed studies on crystal structures of mbiant20 compounds were performed,
out of which SrN§.,Sigx (x=2.7,S.G.P4/nbm), BaCa.Ge (x=0.29, S. GPnma),
CeGeyxShysx  (3.3<x<4.2, S.G. C222), NHe;.,Shsy (x= 1.04, y=1.025, S.G.
Immn), LayFes,Shs.y (x=1.125,y=1.085, S.Gl4/mmn), NdFeSh, (S.G. P63/m)
adopt unigue structure types. Group-subgroup oelatwere determined according to
the Barnighausen formalism for compounds relategyioymetry reduction.



Physical properties comprising magnetization, tesig and specific heat were
measured for REEes.«Shio.y (RE=Ce, Nd), NdFeShand NdFe;Sh;. NdFeSh orders
antiferromagnetically below ~3.0 K and the effeetimagnetic moment (3.68s)
corresponds to free N Effective magnetic moments for peb; . Shio.y and CeFes.
xShio.y derived from MCW fits were attributed to contrilauts from both sublattices

Nd*3 or C€* and Fé&%



Kurzfassung

Die weltweite Abnahme von natirlichen Energiequellat die Aufmwerksamkeit
der Wissenschafter auf die Suche nach alternatrengiequellen gerichtet, speziell
auf solche, die es mdglich machen, Abgaswéarmeandibare Energie umzusetzen.
Thermoelektrische Materialien haben diesbeziiglicii3g Aufmerksamkeit erhalten
und zwei neue Klassen von Verbindungen, die Skadter und Clathrate, werden als
viel versprechende Kandidaten fir zukinftige theziektrische Anwendungen in
Betracht gezogen. Informationen Uber Phasendiageanumd Kristallstrukturen
dieser Verbindungen sind unerlasslich um die Zusaniménge zwischen Struktur
und Eigenschaft komplett zu beschreiben. Die vgeliele Arbeit hat das Ziel, ternére
und quaternére Verbindungssysteme die Clathratg{e3kdite und/oder Antimonide,
Silicide und Germanide bilden zu untersuchen und ausfuhrliche Information tber
Phasengleichgewicht, Bildung und Kristallstruktusnvternaren Verbindungen in
maoglichen thermoelektrischen Systemen zu erstellen.

Phasenbeziehungen wurden ermittelt indem Lichtrskopie, Réntgenstreuung und
elektronenmikroskopische Analysen an polierten @ésren von im Lichtbogen
geschmolzenen und gesinterten Proben vorgenommetewund zwar im Sr-armen
Teil des Sr-Ni-Si-Systems bei 900°C, des Sr-Cui&it@&ns bei 800°C, im
Phasenabschnitt CeS8b-M von terndren Systemen Ce-M-Sb ( M = Si, Gy, l$&i
600°-200° C, im Nd-Fe-Sb- System bei 800°C und uatgrnaren System Ba-Pd-Zn-
Ge bei 800°C und im Sb-reichen Teil des Ce-TM-Skl @ Ti, Zr, Hf, V, Nb, Ta,
Cr, Mo, W, Mn, Re, Cu, Ag, Au, Zn, Cd) bei 600°GnEReaktionsschema fir die
Phasengleichgewichte im ,Ba8Ge46“ Bereeich des &&RrGe —Systems wurde
ebenfalls erstellt.

Rontegenstreuung am Einkristall und Réntgenpulfeedumen wurden verwendet
um die Kristallstruktur von neuen/unbekannten tezn&/erbindungen aufzustellen
und um die genauen Besetzungsverhaltnisse denlloggiaphischen Positionen in
Clathrat Mischkristallen namlich Ban,Gess.x,Sly, Ba(Zn,Cu)Gesey, und
Bag(Zn,Pd)Gess.x zu bestimmen. Die temperaturabhédngigen Rontgeahaofan am
Einkristall BaZn;Sizg (Clathrate Typ 1) definieren eine Einstein Temp@ra®g yszs=
80K. Detaillierte Studien an der Kristallstruktuon mehr als 20 Verbindungen



wurden durchgefiihrt, davon bilden Sghbis.+x (x=2.7,S.G.P4/nbm), BaCag Ge&
(x=0.29, S. GPnma), Ca,Gey,Shys+x (3.3<x<4.2, S.G. C222), NHe;..Shs.y (X=
1.04, y=1.025, S.G.Immn) LaFe.,Shsy (x=1.125,y=1.085, S.G.l4/mmn),
NdsFe;Shy (S.G. P63/m) eigenstandige Strukturtypen. Beziehungen zwischen
Gruppen und Untergruppen wurden nach dem Barnigmakisrmalismus hergestellt,
fur Verbindungen die durch Symmetrieerniedrigungtemander in Verbindung
stehen.

Physikalische Eigenschaften wie Magnetisierung,&féithnd und spezifische Wéarme
wurden fir REFes;.«Shs.y (RE=Ce, Nd), NdFeStund NdFe;Sb; gemessen. NdFeSb
zeigt unter ~3.0K antiferromagnetische Ordnung was effektive magnetische
Moment (3.68pus) entspricht dem von freiem R Tatsachliche magnetische
Momente fur NdFe;xShio.y und CeFes..Shyo.y, erhalten von MCW-Fits wurden auf
die Beitragen von beiden Untergittern Ndoder C&..und Fé&? zuriickgefiihrt.






1 Introduction

The biggest challenge of the century is to soleedhergy crises as natural resources
are at the risk of being exhausted. Out of all labée primary energy sources i.e.
thermal power, nuclear power, and natural gas, 896 of energy is used while 66
% is lost as waste heat. Scientists from all dkerworld are searching for retrieval
of energy from this waste heat. One of the possbletions to utilize this waste heat

is thermoelectric power generation.

1.1 Thermoelectric effects

The concept of thermoelectric power generatiorasel on the Seebeck effect, which
was observed first time by Thomas Seebeck in 182P2]. The charge carriers in
metals and semiconductors are free to move muelghis molecules, carrying charge
as well as heat. By applying a temperature gradieiat material, the mobile charge
carriers tend to diffuse from the hot end to thiel@nd. This results in accumulation
of charge at the cold end (negative for electrany/fe material), positive for holes
(p-type materials)), which results in electrostapigtential. Steady state is then
reached between the chemical potential for diffusaod the electrostatic repulsion
due to the build-up of charge. This property iswnas the Seebeck effect and forms
the basis for thermoelectric power generationhdf hot ends of the n-type and p-type
material are electrically connected, and a loacbisnected across the cold ends, the
voltage produced by the Seebeck effect will causereent to flow through the load,
generating electrical power. The electrostatic midé developed is directly
proportional to the temperature difference betweenand cold ends and is given by
the expression

AV=SAT, where S is Seebeck coefficient.

A thermoelectric generator made up of a series-typpa and p-type thermoelectric
elements, utilizes the heat flow across the temperagradient to produce electric
current (Figure 1). On the other hand in Peltidectf[3] an applied current (I) can
drive the heat flowQ@) through a metal, thereby producing cooling at emn.

The Peltier effect is characterized by the formula



Q=ml, whererris thePeltier coefficient.
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Figure 1. Thermoelectric module showing the dimttof charge flow on both
cooling and power generation [4].

1.2 Thermoelectric Materials

The efficiency of the TE material is determineditsydimensionless figure of merit
ZT = SoTkk

Where S is the Thermopower (Seebeck coefficienid,the electricl conductivity is
thermal conductivity and T is absolute temperatitigh ZT values correspond to
high thermoelectric efficiency; therefore good theelectrics should have high
Seebeck coefficient and high electrical condugtiuit combination with low thermal
conductivity [4]. These properties cannot be opedi independently e.g. electrical
conductivity is proportional to the charge carrieoncentration, while thermal



conductivity also increases with increase of chaogerier concentration. The
Seebeck coefficient on the other hand decreasds wirease of charge carrier
concentration. Therefore metals exhibits high eleat conductivity but in
combination with low thermopower and high thermahductivity. Insulators on the
other hand possessing high Seeback coefficientwhilt obviously no electrical
conductivity result in ZT values around zero. Typithermoelectrics therefore are
neither metals nor insulators but narrow gap senaaotors.

One of the important criterions to reduce thermahductivity and to enhance
Seebeck coefficient is the complexity of the criysteucture. There are large number
of materials with open structured crystal lattickiatr have voids in the lattices and
can accommodate guest atoms or molecules e.g ¢xdebtes etc. Two relatively
new material classes that have received greatesitén the field of thermoelectrics
are the skutterudites [6, 7, 8, 5] and clathrafé} B, 11, 9]. These materials are
described as phonon-glass electron crystals (PGHEQ2$) PGECs exhibit thermal
conductivity like glass and electrical conductiviike perfectly ordered single

crystal.

1.3 Clathrates

The term “clathrate” is used in chemistry to ddsercompounds with cage of host
atoms, which can accommodate guest atoms insideabe. The earliest known
example was chlorine hydrate [13, 14] where @g2ls molecules are present as guest.
Other “gas hydrates” (ice clathrates) were repoftedCH,;, C;H,, PH;, Co, etc. The
structure of these compounds was disclosed firs tby Stackelberg and coworkers

with cubic symmetry [15, 16] for two types of inslon hydrates; type I, §H:0]ss
(space groumeén) and type 1l M[H2O]136 or MgM 1¢[H20]135 (Space group

Fd ém)[l?, 18, 19, 20]. Intermetallic Clathrates of gpol4 elements were first
reported by Kasper et al.; [21] and then followed dystematic investigations of
Cros et al [22, 23, 24, 25]. About nine types dkimetallic clathrates have been
found till now [9] out of which clathrate | and dre most commonly studied for

thermoelectric applications



Type | clathrate compounds with cubic space grcb'hpén crystallize in structure
type KiGexsx and consist of a tetrahedraly bonded open framlewbere framework
atoms are bonded to each other througthgpridization. The unit cell consists of 46
atoms arranged in the forming of two large framawaages; dodecahedra consisting
of 20 atoms and tetrakaidecahedra of 24 atoms showigure 2. Guest atoms are
encapsulated inside these cages. Small cage (duwthed accommodate 2a site of
guest atoms while tetrakaidecahedra host 6d sigei@$t atoms. The properties of the
clathrate materials can be fine tuned by propeicehof guest atoms. The thermal
vibrations of these guest atoms play role in remydattice thermatonductivity by
scattering heat phonons due to their vibrationghay are loosely bound to host
atoms. Clathrates with empty cages are semiconducidhe guest atoms donate
valence electrons to the conduction band of thd bbanging the character of a
material to metallic. For semiconducting applicaighis effect can be compensated
by substitution of an appropriate number of hostret of group 1V with group 1l e.g.
BasGasGeso is semiconductor. Most of the clathrate phasewvothe Zintle rule
where charge compensation between guests and ¢agemried out by partial
substitution of cage atoms. Currently experimeatal theoretical research is devoted
to the synthesis of new clathrate phases, whickddo® promising for thermoelectric
performance.

Type-I clathrates with general formulaB\eX30 (A=Ba, Sr, Eu; B=Ga, Al, In; X=Si,
Ge) are the most studied clathrate phases andamsdered promising for high
temperature thermoelectric applications [10, 26,287 29, 30]. The highest figure of
merit is reported for single crystal &zasGeso [27]. A wide range of clathrates | is
formed by the formula BAMgMGess (TM=Zn, Cd) or with general formula
BasTMe.xMX 40.x (TM = Ni, Cu, Pd, Ag, Pt, Au; X=Si, Ge) [31, 323,334, 35, 36, 37,
38]. Despite many efforts focused on the crossigub=d transition metals (TM)
type | clathrates [39, 40, 41, 42, 43], the ZT eslare still lower than state of the art
thermoelectric materials. Theoretical and experiaeresearch attempts to achieve
high figure of merit by fine-tuning the substituti@nd compositions of clathrate |
[44, 45, 46].
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Figure 2: Crystal structure of typical clathrat@dyl (space groume:_%n, KsGesx
type).

1.4 Antimonides

A large group of thermoelectric materials is fornida class of antimonides, which

crystallize with skutterudite structure (cubic, &ngrouplmé). Skutterudites are the
open structured materials where voids in the strectan be filled with different

filler atoms, which can act as rattlers scattetimg heat carrying phonon. (RE, EP)-
TM-Sb (RE= rare earths, EP=alkaline earths, TM nrdit;on metals) are potential
systems forming skutterudites. High figure of m&T>1 has triggered research in

these materials [47, 48, 49, 50,]. Other exampfeantimony based thermoelectric



materials i. €8-Zn,Shs, Yb14MnShy;, MosSby, AZn,Sh, etc are described in details in

[51] and the Refs. mentioned therein.

1.5 Task for the Present Work

For the material applications it is important tootn details about the structure,
stability and phase relations including surroundpitases. Due to the increased
complexity of chemistry and processing techniqués advanced alloys, the
knowledge of phase equilibria become vital for aemnal scientist or engineer. The
properties of an alloy depend on the relative propo of the phases as well as their
structural arrangement at the microscopic levelusThhe number of phases, their
volume fraction, and their representation in spadescribes the microstructure.
Microstructure of the alloy gives important infortiea regarding phase field, solid
solubility, and homogeneity range in solid phasd phase stability. On the other
hand crystal structure of the materials is directiated to the physical properties,
therefore determination and exploration of the dtmal details are vital for better
understanding of the upcoming physical properties.
The thesis covers the search for novel thermoétettaterials in perspective regions
of the ternary systems: {rare earth, alkaline gaftBroup IV, transition metals}—
{antimony, Group IV}. The combination of the seledtelements is in line with the
appearance of compounds and solid solutions atdige of metal to semiconducting
properties as a key requisite for good thermoetediehaviour. The work was
accomplished as follows
) Search for the existence of new clathrate type fenas in the above
mentioned systems and to elucidate details of tx&tal structure. In this
regard two new compounds §8an, Cd};Sisg were found and their crystal
structure was established by x-ray single crysddRC) and x-ray
powder diffraction (XRPD).
i) Optimization of thermoelectric behaviour of selectgiaternary clathrates
by appropriate substitutions and variation in cosifans. For this case a
series of quaternary Ge based clathrates with isutiist of Zn, Pd, Cu,

and Si were studied in a wide composition range.



ii)

Vi)

vii)

Preparation of single-phase clathrate materiathenform appropriate for
the physical properties studies. In this case temes of clathrates were
synthesised in desired amounts and forms (powdaersropact cylinders).
Determination of the phase relations for quaternalgthrates and
determination of single-phase regions for quatgrrdathrate phases in
selected systems.

Determination of the crystal structure of novelntey compounds
discovered during the investigation of ternary eyst. Several ternary
compounds were found in clathrate forming systegeynfjanides and
silicides) as well as in systems with antimony. sEay structures were
determined for all these compounds by XRSC and XRPD
Development of the isothermal sections and detetioin of the
homogeneity ranges for solid solutions. Partialcomplete isothermal
sections were constructed for Ce-(Si,Ge,Sn)-SKC8Ni)-Si, Ce-TM-
Sb, Ba-Pd-Zn-Ge, and Nd-Fe-Sb systems.

Study of the physical properties of selected nemmaunds. In this part
low temperature magnetic, electrical transport asgpecific heat
measurements were performed for ternary antimorofleare earths and
iron.

For all these investigations a wide range of powdetallurgical as well
as melting techniqgues were used for alloy prepamatiight optical
microscopy (LOM) and Electron probe micro analy{&®MA) served for
chemical characterization of the alloys. Crystalcure determinations
were accomplished with the help x-ray powder ddti@ and x-ray single

crystal instruments. Details of all methods areegiin Chapter 2.
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2 Experimental Technigues

2.1 General procedure for synthesis and characterizatin

Alloys samples were prepared by either arc meltimgby powder metallurgy
depending on the type of reacting elements. Ardededamples (1-2g) were prepared
from elemental ingots of high purity 99.9% in Titigeed argon on a water-cooled
copper hearth. Samples were remelted three timexdmplete homogenization.
Weight losses were compensated beforehand by additng amounts of the most
volatile element e.g Sb, Ba, Sr etc. Usually weigkses were less than 0.1 wt. %.
Oxygen/moisture sensitive elements such as rathseda, Sr were surface cleaned
and weighed under cyclohexane. Alloys button wéentcut into several pieces,
some of which were sealed in evacuated quartz talpels annealed at different
temperatures depending on requirements for thevicdhuhl system. In order to
overcome the difficulty of arc melting strongly @eaating elements in systems like
Ba-Zn(Cd)-Si or Ce(Ba)-TM-Sb an alternative route ppwder metallurgy was
employed. Master alloys were prepared by reactiorevacuated quartz tubes. The
powderized master alloys were mixed with filings tble low melting element,
compacted into tablets and sintered. The reactrodyzts were powderized again
and recompacted and sintered again for completioea Clathrate samples were
hand milled or ball milled and hot pressed. Theegehlayout for the procedure is
sketched in Figure 1. As cast and annealed sampdes investigated by X-ray
powder Diffraction (XRPD), Light Optical MicroscopOM) and Electron Micro
Probe Analysis (EMPA). X-ray single crystal (XRSGjudies were used for
determination of structure of new/unknown ternaympounds. Samples from
selected systems were cut into bars or discs otifgee dimensions for the
measurements of physical properties comprising i@ation, resistivity and

specific heat measured in the temperature ran§e4(0 K).
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Figure 1. General layout of the experimental proced

2.2 Instruments

2.2.1 Arc Furnace

Most of the samples preparations were accomplighedlassical arc-melting as
discussed above. Figure 2 shows arc-melting fumaised in the present work with
tungsten electrode and copper hearth. Furnaceaisuated to 0.1 Pa using a vacuum

pump and flushed with argon 3-5 times before eaeltimg. Finally the melting
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chamber is filled with argon up to ~0.7-0.8 baroprito melting. A continuously
circulating water system is attached with the syster efficient cooling. Ti-getter is
first melted in order to absorb any air, and arm®ved slowly towards the sample
until it is melted completely and again arc is nuve the Ti-getter until the sample

is cooled and power is switched off.

Figure 2. Arc melting furnaces.

2.2.2 Ball Mill

For studies of physical properties of the materatpected to be interesting from
thermoelectric application it was necessary to greplense single-phase samples.
The task was accomploished by ball milling andgretssing. Fritsch "pulverisette 4"
vario-planetary mill system was employed for balilling using tungsten carbide
balls and containers (Figure 3). The following kailling conditions were used in
the present work: Rotation speed of main disk R$Y5 rpm, planetary ratio (PR)=
-2.5, ball to powder ratio BPR=20, size of the $g= 10 mm and process control

agent = Ar.

2.2.3 Hot Press

Bulk powders can be compacted into dense mateyianploying hot pressing. A
hot press system “HP W 200/250-2200-200-KS” fronTF&ystem GmbH, shown in

13



Figure 4 was used for densifying required matetiaithe present work. The system
is equipped with a high density graphite heatere Waximum heating temperature
and applied force limits are 2200 °C and 14 kNpeesively. Inert atmosphere obN

Ar or vacuum can be used for sintering. The powddrshe sample either hand
milled or ball milled are loaded in a graphite dfediameter 1cm. Optimization of the
hot pressing conditions is necessary in order tbiewe maximum density,

completetion of reaction in combination with redontof losses due to evaporation
of volatile elements which can shift the compositiof the final sample. In the

present work the condition optimised for hot pregsvas 800 °C and 56 MPa.

Figure 4. Overall view of Hot-press FCT
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2.2.4 X-Ray Diffraction

Since its discovery in 1895 by Rontgen, X-ray radia has found wide range of
applications in the fields of medicine, geology, teml science, chemistry,
environmental science, and pharmaceutical indsstte. X-ray diffraction technique
is most commonly used for the identification of tbeystalline materials and
determination of their crystal structure on thei®as their unique diffraction pattern,
which can be used as “fingerprint”. The wavelengjtthe x-rays is comparable to the
spacing between the lattice planes, and three-diioeal lattices of the atoms can act
as diffraction grating for x-rays as discovered Mwax von Laue in 1912. The
principle of the X-ray diffraction is based on cbustive interference of the
diffracted beam. X-rays are generated in a cathagéube and are monochromatized
by a monochromator crystal to yield a beam, whishcollimated and directed
towards the sample. After interaction with the skanthese x-ray are diffracted at
various angle® depending on the d spacing between the atom pl&wsstructive
interference occurs according to Bragg’' s equataisird = m\), wheref is the angel
between incident ray and scattering planearglthe wavelength of the characteristic
x-rays. X-ray powder diffraction is useful for thdentification of single-phase
materials, number and type of phases in multiphsaeples, strain analysis,
determination of crystallite size, quantitative etetination of the phases, unit cell
and crystal structure determination. For more gee@nd accurate determination of
the Laue symmetry, space group, thermal motior, edcupancy and bonding in
certain crystal structures, x-ray single crystdfrdction is essential specially for
completely new or unknown structures. However toagsuitable single crystal from
a material is not always an easy job. Only crystath sufficiently large size (25-50
W), regular shape and with no internal defects anrtimg or considered suitable for

diffraction experiments.

2.2.4.1 X-Ray Powder Diffractometer and Imaging Plate (IP)

A Huber Imaging Plate (IP) camera G670 with Guigieometry in combination with
Cu Ky radiation A =0.154051nm) was used for the X-ray powder ditfcac

measurements. The overall view and schematic diadoa the beam path is shown
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in Figure 5. The Guinier camera consists of an engtgrage foil, which is positioned
inside the camera housing with the sensitive sade§) inward precisely on the focal
circle with radius of 90mm. This image storage feilmade of polyester and coated
with  homogenous powder Iuminescent storage mate(@hoto-stimulatable
phosphore) consisting of bariumflourobromide with tmce amount of Eii
(BaFBr:Ed") which act as luminescence centers [1]. After expe time the image
plate is scanned by a vertical linear red dioderldam within approx. 5 seconds.
The resulting blue photo stimulated luminescencelLjPemanating from the areas
subjected to X-ray exposure is amplified during #oanning process by a photo
multiplier and then registered and converted intptal number counts by a 16-bit
A/D converter [1]. This data can be transformea idifferent formats to visualize
graphics and to perform Rietveld refinement. Im&jate can be reused multiple
times by erasing the image with a white halogerplam

Cu Ky radiation § =0.154051nm) was produced with generator parasi&@emA

and 40kV while the measurements were performed he 2-theta range (8°
<26<100°) with the step size 0.005.

Crystal
Monochromator
Imaging plate K
o[\ ] 20
Powder sample
~Beam stop
Camera hoursing 08 +0.2mm
=23 mm

Figure 5. Overal view of IP (Guiner Huber G670)tjland Schematic of Geometry
(right).

2.2.4.2 Preparation of single crystals

Microsize (25~5Qm) single crystal fragments of regular shape alkeced from
crushed alloys containing the required compoundnagor phase. The crystal is

mounted on the top of a glass fibre by glue (segirei 6). The quality, unit cell
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dimensions and Laue symmetry of a crystal werdlyirdetermined by the AXS-
GADDS texture goniometer (General Area DetectorfrBition System, GADDS).
For X-ray intensity data collection, a four-circonius Kappa diffractometer
equipped with a CCD (Charge-Coupled Device) arg¢actier and employing graphite
monochromated Mo-Kradiation £ = 0.071073 nm) is used in the present work.

Figure 6. Single crystal mounted in transparené gl top of a glass fibre.

2.2.4.3 AXS GADDS

Figure 7 and 8 presents the overview and schemétite GADDS (General Area
Detector Diffraction System) respectively, by BrukeXS Inc. The key feature of
GADDS is the high-performance two-dimensional AXSHIAR area detector,
which is the most sensitive photon counter witlyéaarea. The advantage of the area
detector is the enhanced speed of data collectbich can be 10,000 times faster
than a point detector. The 2D images collected BYpBS contain more information
for different applications as compared to an 1D geabtained by conventional
diffraction systems. Various measurements e.g. ehadentification and
guantification, lattice parameters, refinementtuex analysis, stress measurements
and percent crystallinity are possible with GADOS.addition small angle X-ray
scattering (SAXS) data collection can be perforraetigh speed which is useful for
a variety of samples like polymers, fibres, biomats, single crystals to analyse and

display anisotropic features in 2D image.
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Various configurations of GADDS system can fulfilet requirements for different
applications and samples. The GADDS system mammhgists of five major units, (i)
an x-ray generator to produce X-rays, (ii) X-rayicpto condition the primary X-ray
beam,(iii) a goniometer and sample stage to estalsihd manipulate the geometric
relationship between primary beam, sample, andctiete(iv) a sample alignment
and monitor to assist users in positioning the danmpo the instrument center and in
monitoring the sample state and position,(v) a adete(HI-STAR Area Detector
System) to intercept and record the s X-ray saadtémom a sample and to save and
display the diffraction pattern into a two-dimemsab image frame. Detailed
information on each part is available in the GADIs®r's manual.

.
~~~~~
N
~~~~~ X-ray Generatol

Area Detector

Sample Alignment

Goniometer and Sample Stage and Monitor

Figure 8. Five major units in a GADDS system: X-g@nerator (sealed tube); X-ray
optics (monochromator and collimator); goniometerd asample stage; sample
alignment and monitor (laser-video); and area detec
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2.2.4.4 Nonius Kappa diffractometer with area detector CCD

X-ray single crystal diffraction was performed onNanius Kappa diffractometer
equipped with a CCD area detector. Overall viewtr@d instrument is shown in
Figure 9. The diffractometer consist of an x-rayurse, three axes goniometer
(Omega, Kappa, Phi) for adjusting position of tihgstal, and theta axis and DX to
position the two-dimensional detector. Positiortted mounted crystal is adjusted by
microscope, which displays the image on the compdteays are produced by HV
generator and rotating anode generator. The geuexatays are controlled by main
shutter, a fast shutter, a monochromater and araitr before passing through the
crystal. Diffracted x-rays hit the detector throughberyllium window and are
transformed into light photons by a phosphor. Thage size is reduced to the size of
CCD by a fibre optic taper. The light photons aoewerted to electrons by CCD,
which consists of silicon capacitors (pixels) whgemerated electrons can be trapped.
The detector reads out and amplified the signatéctware digitised in the controller
and are transferred directly to computer. A mulige peltier element is used to cool
CCD, while a mixture of water-ethylene glycol atC0ih a close circuit liquid cooler
helps cooling the warm side of peltier element.ddeton technical informations can

be found from{http://www.nonius.com/KappaCCD/manuals/techinfcitiafo.html).

Figure 9. Overall view of Nonius Kappa CCD diffracteter (from;
http://algol.fis.uc.pt:8080/CEMDRX/equipment/piotsrof-
equipment/kappa_apex_2.jpg/view).

19



2.2.5 Electron Probe Micro Analyzer (EPMA)

Small pieces from as cast (in case of arc meltasgjvell as annealed samples were

embedded in electroconductive resin by usin@IMPLIMET 3 hotmolding press

(Buehler, Lake BIluff, lllinois USA, operation paraters: 2.9><170 Pa; 150°C;
duration 1.5 min). The embedded samples were ground using sand papers
different SiC grit size. The samples were polishsthg alumina powder with grain
size 0.3 micron and 0.05 micron on a fine polishohgth. Surface of the polished
samples were cleaned by supersonic waves andyfivdh alcohol.

In order to ensure fine quality of the polishingngdes were examined in a light
optical microscope as guide line for investigationscanning electron microscopy

(SEM) and energy dispersive x-rays (EDX) analysis.
Working Principle

An accelerated and focused beam (approximatelyctomidiameter) of electrons is
bombarded on to polished surface of the specimkesd high energy electrons have
sufficient energy to excite the electrons from theer shell of the target material,
leaving a vacancy which can be filled by electroont higher shell accompanied by
emission of x-rays. The wavelengths of these x-eagscharacteristic and unique for
every element in the periodic table and therefoeeused for quantitative analysis.
Interaction of electrons with sample is mainly assted with libration of heat but it
also produces X-ray Bremsstrahlungecondary and backscattered electrons.
Secondary electrons are of common interest forlbgyoand backscattered electrons
are used for enhanced contrast to see differersiggsha multiphase samples.
Quantitative analysis can be done by measuringnteesities of the characteristic x-

rays of the elements in the sample
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Figure 10. Overal view of the Electron Microprob@alyser (EMPA) (left) and
Schematic cut-away diagram of a typical microprobe:
(http://serc.carleton.edu/details/images/843.html)

EPMA consists of the following main parts, from tap bottom: (i) An electron
"gun”, which is most commonly a W-filament cathode) A series of
electromagnetic lenses located in the vertical mmolwf the instrument is used to
condense and focus the electron beam emitted flemsoburce. It comprises the
electron optics and operates in an analogous walght optics. (iii) A sample
chamber, with movable sample stage (X-Y-Z), thainder a vacuum to prevent gas
and vapour molecules from interfering with the &l@e beam on its way to the
sample, (iv) a light microscope allows for direptioal observation of the sample (v)
A variety of detectors arranged around the sampdenber that are used to collect x-

rays and electrons emitted from the sample.

2.3 Data Analysis
2.3.1 STRUKTURE

Precise lattice parameters were calculated by-kspsdres fits to indexed4ralues
employing Ge or Si as internal standargd @ 0.5657906 nm, 9=0.5431065nm).
The XRPD patterns for samples without and with déad are measured. Individual
peaks in the patterns with and without Ge/Si wesdindd using programme
STRUKTURE [2]. A correction curve is then creatgddomparing peak positions of
the standard (calculated) with those in the expenitiad spectrum. Correction in all

peak positions of the sample is then made by ernrgothis correction curve in
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Programme X15. Programme X15 was also used forxatd® of the observed
intensity from different phases, which are eitlsaitypes (literature) or new structures
solved from single crystal. The input data for ypa&s or known structure is provided
by programme LAZY PULVERIX. The indexed peaks anert used to calculate
lattice parameters with standard deviation by paogne GITTER. LAZY
PULVERIX and GITTER are integrated in programme MHEN

2.3.2 Rietveld Refinement (x-ray powder diffraction)

Information about the crystal structure of the compd (types of atoms, positional
parameters, temperature factors, occupancies)isatiipic structure can be extracted
from the x-ray powder pattern by using Rietveldinement [3, 4] with program
Fullprof [5]. In the Rietveld technique, the obseshintensity is fitted with calculated
pattern based on calculations from crystal strectprofile parameters, instrument
and specimen related factors using least-squafiegmeent cycles. This least squares

fits tends to minimise the functid®, which is defined as
S, =XW (Y ~ ¥er)’ 2.1

Wherew; = 14;, y; andy,; are observed and calculated intensities at'thetdp. The
Rietveld method needs an appreciably good startindel as the key feature of the
method is the structure refinement and not strectmiution, therefore no advance
efforts are needed to assign the observed intetwsigpecific Bragg reflections or to
resolve overlapping reflections. The calculatecensttiesy,; are determined from

OR[F values calculated from structural model plus baskgd.
2
Yoi = S% Lk|Fk| 026, - 26, )P A+ Yy 2.2

Where s = scale factoK = Miller indices,h, k, |, for a Bragg reflectionlx = the
Lorentz, polarization, and multiplicity factorg,= is the reflection profile function,
Pk = proffered orientation function, A= absorpti@ator, k = structure factor for the
K™ Bragg reflection, angh; = background intensity at th® step.

The structure factorfean be calculated as
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F. = ZNjfj exp[Z;zz’(hxj +hy, +1z, )]exp[— Mj] 2.3
J

Where h, k, | are Miller indices;,y, z are the position parameters for theafom in

the unit cell
M =8rp3sin®6/\? 2.4
u_iis the root mean square thermal displacement ofj'thatom parallel to the

diffraction vector, and Ns the site occupancy multiplier of tHB atom site. Various
parameters (scale factor, background, lattice pat@ns, atom positions, peak shapes,
occupancies, temperature factors etc.) are refumiti best fit between observed and
calculated values is reached. The adequacy ofinlaédtructural model is judged by

various R-values defined below

3|1 (0b9)? = (1, (calg)?)
) = (1 (0b9)"?

_ Sl1(ob3 - 1 calo)

R-structure factor 2.5

R-Bragg factor 2.6
R 1, (0b9 99
Re = 2[,(0b9 - y;(cale) R-Pattern 2.7
>V (obg
W b _ | 2 1/2
RNP:{Z (i (0bg yi(cza %) } R-weighted pattern 2.8
2w (y; (ob9)

Rwp is the most meaningful from mathematical poinviefv because the numerator is
the residual being minimized; therefore it alsotbesflects the progress of the
refinement. Detailed description of the Rietvelinement procedure using Program
FULPROF can be found in refs. [5,6].

2.3.3 Structure Solutions (x-ray single crystal)

For the evaluation of x-ray single crystal diffriact data, no absorption corrections
were required because of rather small and reghkgpes of the investigated crystals.

Initial unit cell parameters and Laue symmetry weggermined by measurements on
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the AXS-GADDS diffractometer as discussed beforgerisity data collected on
Nonius Kappa CCD diffractometer were used for stmat determinations by the
programs SHELXS97 and SHELXL-97-2 [7] integratedhe Oscalil interface which
was downloaded from: http://shelx.uni-ac.gwdg.de&ZE&M/. Program ABSEN,
which is also integrated within Oscail interfaceswesed to determine possible space
groups on the basis on extinction rules. Initianatpositions were found by direct or
Paterson methods with the program SHELXS97 [7]aFsolutions were found by
performing subsequent least square refinement cxgitegy SHELXL-97-2 [7].

2.4 Physical Properties Measurements

2.4.1 Electrical resistivity measurements

The electrical resistivity was measured over thmpterature interval 4.5-290 K
employing a standard dc four-probe technique. Etdtresistivity can be expressed
in terms of Ohm’s law by the equation,

p = U/I*A/l  where | is the applied constant currebltjs the measured voltage, A is

the cross section of the sample and | is the lebgttveen two potential contacts on

the sample.
e b)
11
Helium inlef He exaust
Current _l\! !/_a
Source

Heater
- | Liqud N,shield  C)

Temp.
controller
emp.
sensor

GPIB };

PC

1 1 1 P=Vaccum

Gas He

Liquid He

Heat:
Heater

T T—Sample

[T~ ~Temperature
sensor

a) Cryostate

Figure 11. Resistivity measurement setup a) Schietagout for cryostat; b) Sample

connected with four probe.
(From: http://www.int.pan.wroc.pl/zbm/methods/résisy/resistivity.html).
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Figure 11 shows the low temperature measurementsdor resistivity ). The

rectangular bar-shape specimen was connected withprobes (Figure 11b): two
outer for applying current and two inner for measuyirthe observed voltage. The
sample with four probes was mounted on a samphkeh@Figure 11c) and inserted in
the sample chamber in the cryostat (Figure 1laluiMegas in the sample chamber
served to establish thermal contacts between saamgleDiode sensor type DT-470
(temperature sensor). A constant current (9mA) wasplied from a dc current
source. The temperature of the sample was cordrdilea temperature controller

Neocera LTC-11. Schematic layout for cryostat mwamin Figure 11a.

2.4.2 Magnetic Properties Measurements

Magnetic measurements were performed in the terperaange 1.72-400 K in applied
external magnetic fields up to 5 T using the QuantDesign MPMS-5 SQUID
magnetometer. The MPMS system consists of sevepalresonducting components: a super
conducting magnet to generate large magnetic feeklyperconducting detection coil which

couple inductively to the sample, a Superconduc@uantum Interface Device (SQUID)

connected to the detection coil, and a supercomguehagnetic shield surrounding the
SQUID.

Figure 12. Over all view of SQUID (left) Schematidiagram (from:
http://www.int.pan.wroc.pl/zbm/methods/mpms/mpmslt
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A measurement on MPMS is performed by moving timepda through the superconducting
detection coil located outside the sample chambethé centre of a magnet. When the
sample moves through the detection coil, the magmebment of the sample induces an
electric current in the coil. SQUID functions aghily linear current to voltage converter
and any change of current in the detection coitglpces a corresponding variation in the
SQUID output voltage, which is proportional to theagnetic moment of the system.
Detailed information about functioning of each paftthe MPMS is available in the
Brochure “Fundamentals of Magnetism and Magnetiaddieements Featuring Quantum
Design Magnetic Property Measurement Systems”.

2.4.3 Specific Heat Measurements

Specific heat measurements were performed in atgomdesign physical properties
measurement system (PPMS). The small sample ofnfdligrams is glued on a
sapphire plate, which has small value of the alsolueat capacity at low
temperatures. The sample is heated with some paErand the increase in
temperature!T is measured. The heat capacity can be calculat€e 4Q/AT.

2.5 References

[4] H. M. Rietveld. Acta Crystallogr. 22(1967) 151.

[3] H. M. Rietveld, J. Appl. Crystallogr. 2 (1966%.

[5] T. Roisnel, Rodriguez-Carvajal, J. Mater S@rdém 118 (2001) 378.

[2] W. Wacha, Diploma Thesis, TU-Wien (1989).

[1] Guinier Imaging Plate Camera G670 Instructiorardal, HUBER
Diffraktionstechnik GmbH & Co. KG, Sommerstrasse D483253
Rimsting.

[6] R.A. Young (ed.), The Rietveld Method (IUCr Magraphs on Crystal-

lography), Oxford University Press Inc., New Yofo05).
[7] G. M. Sheldrick. University of Gottingen, Germag Windows version
by McArdle, Natl. Univ. Ireland, Galway (1997).

26



3 Clathrates Ba&{Zn,Cd}xSisex X~7:. Synthesis and

Crystal Structure

3.1 Introduction

In recent studies of type-I clathrate systemgMB&essx (M is a transition element, x
~ 8) we have dealt with the physical properties Zof/Cd-containing clathrate
germanide systems [1, 2] and have demonstratednitraasing Zn/Cd-content drives
the metallic system towards a metal-to-insulatangition. The present paper extends
our systematic investigation to ternary clathraleges in the homologous silicide
systems, where compoundsgBa,Sissxand BaCdSissxare hitherto unknown.

Binary BaGess 3 (open squared box denotes vacancy) clathrate phakethree
framework defects is stable only in the temperatargie 770-810°C [3, 4] while Ba-
M-Si clathrates have no binary counterparg®Ba.x x Stable under normal pressure
[5]. Superconducting hP-B&Siss (Tc = 9.0 K, x = 7.76) is only stable above 3 GPa
and at temperatures higher than 800°C [6]. A sindjod count for Ba{Zn,Cd}sSizs,
however, indicates proximity to semiconducting batwar, which in turn may
develop interesting thermoelectric properties. €fme the main tasks of the present
work are to elucidate details of the crystal swuetof novel ternary clathrates
Bag{Zn,Cd}«Sissx. Furthermore two different routes of sample prapan, i.e.

sintering powder compacts and hot-pressing are @ayagl
3.2 Experimental

Alloys with a weight of 2-4 grams were preparedrirelemental ingots (Ba 99.9, Zn,
Cd 99.99 and Si 99.999 mass. %) by reaction in waesealed quartz tubes at
T=800°C for 4 days. Afterwards the reaction produgere powderized to a particle
size below 10@m. Samples for physical property measurements wengacted in

cylinders with diameter 10 mm and height 6 mm Byc@d-pressing in a steel die (5
MPa) followed by sintering treatment (see below) &@m) hot-pressing in a graphite
die at 806C (argon atmosphere, pressure 56 MPa, FCT hot mesem HP W
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200/250 2200-200-KS). Cold- and hot-pressed cyiloadlrspecimens were then
annealed in vacuum-sealed quartz tubes at T=800tC2# days followed by
guenching in cold water.

Single crystals of B&n;Sizs were grown by self-flux method from melt
BagZn;Sizgt10Zn (mass. %) that was cooled from 900° to 600A@ a rate of
3°C/hour. The metal flux was solved in hydrochlogimd. Inspection on an AXS-
GADDS texture goniometer assured high crystal ¢yaiinit cell dimensions and
Laue symmetry of the specimens prior to X-ray istgndata collection on a four-
circle Nonius Kappa diffractometer equipped witlC&D area detector employing
graphite monochromated M@KNo absorption correction was necessary because of
the rather regular crystal shape and small dimessaj the investigated specimen.
Orientation matrix and unit cell parameters fouaic system were derived using the
program DENZO. The structure was solved by direethods and refined with the
SHELXL-97 and SHELXS-97 programs. X-ray powder @ittion (XPD) data were
collected with a Guinier-Huber image plate syst€uKq; or Fekyy; 8° < 26< 100°).
Precise lattice parameters were calculated by-Brpsires fits to indexedéalues
employing Ge as internal standardsd = 0.565791 nm). The X-ray powder
diffraction intensity spectra were analysed by W&t refinements [7].

The hot pressed samples were polished using sthpdacedures and were examined
by optical metallography and scanning electron asicopy (SEM). Compositions for
hot-pressed samples were determined via ElectroneRvlicro-Analyses (EPMA) on
a Carl Zeiss EVO 40 equipped with a Pentafet LiikXEsystem operated at 20 kV.
Physical properties, which comprise electronic d@hermal transport as well as
thermoelectricity (details are given in ref. [1),2kere measured on both sintered and
hot pressed samples of Zn containing clathratescantiot pressed samples of Cd

containing clathrate (due to lack of dense sintsgedples for Cd clathrate).

3.3 Results and Discussion

3.3.1 Crystal Structures of BaZn;Sizgand BagCd7Sizg

For a single crystal, grown by self-flux methodnfranelt BaZn;Sizg+10Zn (mass.

%), X-ray intensity data were collected at thremgeratures, 100, 200 and 300 K, in
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order to evaluate atom site preferences. Extinstware consistent with a primitive

cubic lattice (space group FBn, (a = 1.04372(1) nm) and indicated isotypism with
the structure of clathrate type-I for all temperagtustudied. No extra reflections were
detected that would indicate a larger unit celf @a as reported for binary &ze,3 I3

[4]. The heavy barium atoms were unambiguously doemsites 2a (0, 0, 0) and 6¢
(Y4, 0, ¥2). With a significant difference in the Xyrscattering power of Zn and Si
atoms, the electron density distribution for themaeing sites appeared as follows (at
300 K): (i) Wyckoff site 16i is completely occupiday Si-atoms, whereas (ii) a
random atom distribution with different Zn/Si rati® found for the two sites 6d
(0.77Zn + 0.23Si) and 24k (0.91Si + 0.09Zn). Therpractically no change in atom
distribution as a function of temperature. Fromriative size of the rather isotropic
atom displacement parameters for the sites 6d,24&i, vacancies seem not to play a
significant role and all sites are found to beyfutcupied. The structure refinement
yields an overall formula BZn;Sizg close to the nominal starting composition and to
EPMA (in at.% Bas3ZmssSinns = BaZn;oSisz3. Table 1 summarizes all
crystallographic information derived from the sttue determination. Interatomic

distances are consistent with the sum of atom.radii

g 00801 BagZn,Siy —a- Ui a2

= ®E(U,, Ba2)=79 K ] =
S 0025 | . 11,044 E
£ 1 =
5 o020 1 %
o | @
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o L —T e Uqq (Ba2) A =
S o010} - v YnBD o E
oy " 1 =
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Fig.1: Temperature displacement parameters atidelggarameters of Ban;SizgVs.
temperature.

The ADP parameters for Ba atoms located in theitgc(Ba2) show a significant

anisotropy in contrast to Bal atoms, which seernatee normal behaviour (Table 1
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and Fig.1). Similarly ADP’s of framework atoms raVea rather spherical atom
shape, also indicative for the absence of any fsgmit amount of vacancies in the
framework. If the BgZn;Sisg crystal is considered as a simple Debye solid B&R

atoms behaving like Einstein-oscillators, the tharoisplacements and the Einstein

temperature®e y; are related by

2 P
U, =M o] Dewn |,
2mBakBeE,ii 2T

wheremg, is the atomic mass of Ba. From the linear slapg/AT in Figure 1 the

force constants, K= 4rémv;, g2 [gsec?], the frequency of vibrations; [10* se¢],

and hence the Einstein temperatu®s,; [K] can be extracted. From symmetry
constraints Y is different from W,=Us3 yielding ©g y11 = 99 K and®g y33= 80 K in
line with a slightly flattened rotational ellipsoidf Ba2 atoms. Although from
symmetry constraints 4y is different from Y,=Us3z the linear slopedU;/AT are
indifferent for ADP parameters of framework atoms.contour plot of electron
density for the Ba2-atom at 100 K from a differerfemurier synthesis ds-gaz as
shown in Fig.2, revealed a rather uniform and roshdpe with little hints towards
off-centre positions of the Ba2-atom. Off-centrédaour was recently documented
from low temperature neutron diffraction on a sengtystal of BgZngGesg[8]. It is
interesting to note that Bal atoms (spherical bymagtry) do not show a thermal
displacement factor enhanced over the general ABIRes for framework atoms.
Thus no special rattling or off-centre effect canobserved for Bal-atoms. Rietveld
refinement of the X-ray powder data for the alloythwnominal composition
BagZngSizg is in perfect agreement with the observed intessiind with the atom
parameters derived from the single crystal studg again yields a formula
BagZn;Siao.

Due to lack of single crystals for the Cd-contagnispecimen, the X-ray powder
intensity spectrum for nominal composition gBasSiss was analysed. Indexing
prompted a cubic unit cell close to that estabtistoe BaZn;Size. Analysis of the X-
ray intensities, absence of systematic extincticars] size of unit cell suggest
isotypism with the structure type of clathrate esRlts of Rietveld refinements are
compiled in Table 2. Comparing the structural dstéok the two novel compounds
Bag{Zn,Cd};Sizg we observe that the 6d site (M1) is fully occupgdCd atoms, and
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unambiguously reveals a random occupation of 0i96 .04 Cd for the 24k site
(M3), resulting in the chemical formula &20s sSizg 2 in good agreement with EPMA
data that yield 6.1 Cd per unit cell.

BaBZn 7Si3g

D
e
1 . "
120 - ; s
_ i
80 :
| y
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o L% f) g
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Fig. 2: Contour plot of electron density at 100fé¢ Ba2-atom from difference
Fourier Bps-sax(top: three dimensional view, bottom projectionysn plane).
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3.3.2 Homogeneity regions of clathrates BgZn, Cd},Sise-x

XPD and EPMA of samples, prepared for x = 3, 688, 9, 10 and annealed at
800°C consistently yielded lattice parameters witly a small scatter (a=1.04369(2)
to 1.04412(2) for the Zn-clathrate and a=1.0581%2)1.05866(2) for the Cd-
clathrate) indicating a homogeneity region of nairenthan ~1 at% (Zn or Cd) in
consistency with EPMA data, which for all alloysvealed a chemical formula of
BagZns oSisg.1 and BaCds 1Sizg o, respectively. As the error bar on the EDAX-EPMA
data is about 1 at.% Zn but about 1.8 at% Cd wanasgfor both compounds the
formula Ba{Zn, Cd}-;Si-3g referring to our detailed structural analyses (@eeve).
With the composition defined, samples for physipedperty measurements were
prepared (see experimental). Single phase conditaid be attained from a nominal
starting composition B§Zn,Cd}sSizg with about extra 2% Zn(Cd) to compensate
evapouration of the metals during preparation. fifed product contained less than 2
% secondary phases such as Si + Ba{Zn;Sd}

Whereas the germanium-based clathrate systemgZiB@€d},Gep.x reveal a
continuous solid solution deriving from binary &3 13 [1,2], Ba{Zn,Cd};Sizg
clathrates have no binary counterpartBa -« x (Bas. Sissx IS Not stable at 800°C
under normal pressure [5 ,6]) and consequently bixhonly a very small
homogeneity range in the ternary. In both casesieler, Zn, Cd-metals can be
considered as stabilizers of a truly ternary typkthrate silicide compound.

3.4 Conculsion

Novel type | clathrates BfZn,Cd}-;Si-35 have been found to exist at 800°C with no
appreciable homogeneity range. Single crystal fiatBasZn;Sizg evidence a random
Zn/Si atom distribution in atom sites 6d and 24ke Bd site is completely occupied
by Cd atoms. Einstein temperature of about 80 K des/ed for Ba (2) atoms with
the temperature dependent Debye-Waller factors linteresting to note that the
electron density for the Ba(2) atoms offers litdeidence for an off-centre atom

position.
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Table 1. X-Ray single crystal data for B&n;Sisg at various temperaturesxscans, scan width 2°; redundancy > 12) and X-@ayder

diffraction (XPD) data for BgCd;Siso; both compounds isotypic with clathrate—type las® groupPm3n; No. 223; structure settings
standardized with prograBtructure Tidy[9].

Parameter/temperature SC, 300 K SC, 200 K SC, 100 K XPD, 300K
Formula from refinement BagZns oSizg 1 BasZny ¢Size.0 BagZng oSisg.1 BasCds 6Sisg 2
Crystal size 80x54x70 80x54x70 80x54x70 -

a[nm] 1.04412(2) 1.04306(2) 1.04222(2) 1.05866(3)

M aps[mm™] 11.38 11.40 11.43

Data collection, ® range (°) %20<72.6; 130 sec/frame <20<72.0; 130 sec/frame <20<72.5; 130 sec/frame <20<100

Total number of frames 188 ; 6 sets 188 ; 6 sets 8 ; B8sets

Reflections in refinement 421>40(F,) of 527 [1836]  42240(F,) of 519 [1805]  43840(F,) of 21 [1811] 141

Number of variables 20 20 20 18
Mosaicity <0.45 <0.46 <0.44 Rr = X|F-F|/ZF,=0.055

Re = 3| R?-F /2Ry 0.0175 0.0160 0.0160 R = 5|ly-I¢J/=1,=0.074

Rin 0.066 0.066 0.067 Rur=[ZWilYorrYai/Zwilyoif] *=0.063
wR2 0.039 0.036 0.037 Re = Z|yoi-Yeil Z|yoil =0.045
GOF 1.098 1.113 1.152 R. = [(N-P+C)Ewy?,)]* =0.017
Extinction (Zachariasen) 0.0028(2) 0.0014(1) 0.q@1o X% = (Ryr/Re)? =14.2

Balin 2a (0,0,0); occ. 1.00(1) 1.00(1) 1.00(1) 1.8)5(
U11=Uz=Us3 0.00959(9) 0.0077(1) 0.00560(9) sdBin 10°nn"]=0.45(4)
Ba2in 6¢ (¥4,0,%2); occ. 1.00(-) 1.00(-) 1.00(-) 1.02(3

Usg; Upp = Usg 0.0150(1); 0.0307(1) 0.0116(1); 0.0248(1) 0.00790.0185(1) B, [in 10°nn?]=1.38(5)
M1 in 6d (¥4,%,0); occ. 0.226(3) Si+0.774 Zn 0.226%B-0.774 Zn 0.228(3) Si+0.772 Zn 1.01(1)Cd
Uig; Uzp = Usg 0.0106(2); 0.0089(2) 0.0082(2); 0.0066(2) 0.02%520.0043(2) Ro[in 10°nnf]=1.08
Sl2in 16i (x,x,x) ; occ” 1.008(3) 1.007(3) 1.012(4) 1.02(3)
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Parameter/temperature SC, 300 K SC, 200 K SC, 100 K XPD, 300K

X: 0.18462(4) 0.18463(3) 0.18459(4) 0.1835(2)
U13=Up=Uss; Ups=U;5=Us, 0.0083(1); -0.0008(1) 0.0066(1); -0.0007(1) 08(0; -0.0004(1) Bo[in 10?nn¥]=0.95(8)
M3 in 24k (0,y,z); occ. 0.907(2) Si+0.093 Zn 0.905%2)0.095 Zn 0.907(1) Si+0.093 Zn 0.96(1) Si + €a4
Yz 0.11787(5); 0.30524(5) 0.11785(4); 0.30530(4)  1@8U(5). 0.30537(5) 0.1151(2); 0.2968(3)
UiUzzUss 0.0096(2); 0.0101(2) 0.0075(2); 0.0078(2) 0.00524D059(2) R, [in 107nnf]=1.15(7)
Uys [in 10 nné] 0.0092(2); 0.0001(1) 0.0076(2); 0.0001(1) 0.0@580.0002(1)

Residual density; max; min 0.82;-1.11 1.01; -1.04 0.67;-1.11

Principal mean square atomidBal 0.0096 0.0096 0.00 Bal 0.0077 0.0077 0.00 Bal 0.0056 0.0056 0.00

displacements U Ba2 0.0307 0.0307 0.0151 Ba2 0.0248 0.0248 0.0116 Ba2 0.0185 0.0185 0.0079

M1 0.0106 0.0089 0.0089 M1 0.0082 0.0066 0.0066 M1 0.0052 0.0044 0.0044

Si2 0.0092 0.0092 0.0067 Si2 0.0073 0.0073 0.0053 Si2 0.0053 0.0053 0.0039

M3 0.0101 0.0096 0.0092 M3 0.0079 0.0076 0.0075 M3 0.0062 0.0055 0.0055

Interatomic distances, standard deviation less €h@®02 nm

Bal- 8Si2 0.3339 0.3335 0.3332 0.3365
12M3 0.3416 0.3413 0.3411 0.3370
Ba2- 8M3 0.3530 0.3526 0.3523 0.3622
4M1 0.3691 0.3688 0.3685 0.3743
8Si2 0.3876 0.3872 0.3869 0.3936
4M3 0.4031 0.4027 0.4025 0.4105
M1-  4M3 0.2457 0.2454 0.2452 0.2582
4Ba2 0.3691 0.3688 0.3685 0.3743
Si2- 1Si2 0.2365 0.2362 0.2361 0.2395
3M3 0.2406 0.2404 0.2402 0.2439
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Parameter/temperature SC, 300 K SC, 200 K SC, 100 K XPD, 300K
1Bal 0.3339 0.3335 0.3332 0.3365

M3- 2Si2 0.2406 0.2404 0.2402 0.2395
1M1 0.2457 0.2454 0.2452 0.2437
M3 0.2461 0.2459 0.2456 0.2582
1Bal 0.3416 0.3413 0.3411 0.3370
2Ba2 0.3530 0.3526 0.3523 0.3622
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4 Crystal Structure and Physical Properties of
Quaternary Clathrates BasZNn,Gesp.4-,S,
Bag(Zn,Cu)xGesexand Bag(Zn,Pd),Gese «

4.1 Introduction

Semiconducting compounds with clatharate-type ucstme continue to be of
considerable attraction for thermoelectric appiaat The structure of the typical
type | clathrate consists of a framework of Si-Ge-atoms forming two different
types of polyhedral cages each of which can hdatge guest atom. The possibility
of substitution at guest atoms sites and/or framkwatom sites can fine-tune
electronic and thermal transport properties of riregerial. Our recent research has
been devoted to Ba-, Ge- and Si- based clathratersg such as B {Si,Ge}ssx-
ylly (M = Mn, Fe, Co, Zn, Cd, Pd, Pt, Cu; = vacancy) where detailed structural
analyses and phase equilibria have been studi&j 8,4, 5, 6]. Substitution of M in
Ge- based clathrates was shown to reduce the dpatien of vacancies in parent
binary BaGeys[13 [7]. For Si-based clathrates, transition metalatins can act as a
stabilizer for a ternary clathrate compound astyifgss Siss is Stable only above ~3
GPa [8] It was demonstrated that substitution of M-atomged the metallic system
towards metal-to-insulator transition, giving rige interesting thermoelectric
properties [1-5]. It was further established thaatddms preferentially occupy the 6d
site, which for low M-contents is also associatedhwacancies in Ge- based
clathrates [1, 2, 4].

Although research has concentrated on the substitwf Group Il and transition
metal elements for Group IV atoms (Si, Ge) stiflldi has been done to study the
effect of substitution of Si for Ge. Superconduityivand crystal structure of the solid
solutions Ba.-SisexG6(0 <x <23) have been reported in Ref. [8]. Cage sizerobnt
of guest vibrations and thermal conductivity wasdstd in SgGaysSizo-G6; [9].
Structural and transport properties ofgBa;sSixGeso.were investigated in Ref. [10],
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whereas Nenghabi and Myles [11] have recently stuthe structural and electronic
properties of BgGasSixGespx and SgGaeSizo-xGe for x = 0, 5, 15.

Although BaGagGesp was shown to exhibit a figure of merit ZT=1.4 &06C [12],
the rather high costs for Ga and Ge exclude amgelacale technical application. But
low price elemental combinations for clathrates eéhaso far suffered from
insufficiently high thermoelectric efficiency forEG-applications in for instance
automotive exhaust systems. In order to improvethieemoelectric figure of merit
ZT, we pursue two options simultaneously: (a) etetband structure engineering by
introduction of elements with significant electraOS at the Fermi level (for
instance Pd (see DOS calculation by Johnsen [&Bl, (b) phonon engineering to
reduce lattice thermal conductivity via introductiof additional scattering of heat
carrying phonons on lattice defects (i.e. randorbs8tution —disorder, etc.) and
nanostructuring grain size in nanostructured bublktemal. Thus the present work
therefore attempts to synthesise vacancy free ltyp@aternary clathrate phases. For
this task it will be necessary to evaluate stratdetails and phase relations for (i)
partial substitution of Zn by Pd or Cu in clathr&8aZn,Gessx (6 < x <7.7) and (i)
substitution of Ge for Si in the solid solutiongBa.Gess.xSiy (7 < X <7.7).

Our previous and detailed studies on clathrateesystrevealed that there is no
vacancy in the 6d site forx= 6 in BaZnGese.x [1], for xpq23.8 in BaPdGessx [2],
and for %, = 5.5 atoms in B&Cu,Geys.« Clathrates [4]. For all these values the ternary
solid solutions approach a semiconducting behaviodiherefore the M to Ge ratio
was kept at 6:40 for all quaternary alloys and ahly clathrate solid solutions with
Xm+zn) 26 were prepared and investigated. Whereas the garmébased clathrate
system BgZn,Gep.x reveals a continuous solid solution deriving frdomary
BagGeysl 13 with three framework defects in the 6d site [1, B&Zn;Sisg clathrates
have no binary counterpart 6.« 1x (Bas- Sissx IS NOt stable at 800°C under normal
pressure [8, 14] and was said to exhibit defectthat2a site occupied by Ba [8]).
Consequently there is only a very small homogeneityge in the ternary clathrate
BazZnSisex around x~7, however, with no defects were encoadtéor Ba in site 2a
[5]. In order to provide a semiconducting frameworkhe quarternary clathrate solid

solution BaZn,Geg,Sissx.y, ZN contents were always kept.
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4.2 Experimental

Alloys with a weight of 2-4 grams for all quatermaystems, Ba-Pd-Zn-Ge, Ba-Cu-
Zn-Ge, and Ba-Zn-Si-Ge were prepared in two stépshe first step master alloys
BagM,Ges«x (M = Cu, Pd) and B&6SissxWere prepared by argon arc melting from
elemental ingots (purity better than 99.9 mass Bboa avater cooled copper hearth. In
the second step the proper amount of Zn accordirsgpichiometry was added to each
master alloy and vacuum-sealed in quartz tubesct®ea were carried out at 800°C
for 4 days followed by quenching in cold water.ekvards the reaction products were
powdered to a particle size below 1Q@m. Samples for physical property
measurement were compacted in cylinders with dian mm and height 6 mm by
hot pressing in a graphite die at 80Qargon atmosphere, pressure 60 MPa, FCT hot
press system HP W 200/250 2200-200-KS). The cytatirspecimens were then
annealed in vacuum-sealed quartz tubes at T = 88&°@ to 4 days followed by
guenching in cold water.

In order to see the influence of the grain sizat@nphysical properties, one sample
with nominal composition BZngGe ¢Siig was ball-milled to a grain size well below
1 um (Fritsch Vario-Planetary mill Pulverisette 4 wttimgsten carbide (WC) walled
container and WC-balls) and hot pressed.

Details of the various techniques of charactemratf compositions via light optical
and scanning electron microscopy (SEM, EPMA on d Zeaiss DSM 962 equipped
with a Link EDX system operated at 20kV anduB{ binary BaGey; and ternary
compounds were used as internal standards); diatistsucture (x-ray powder (XRP)
and single crystal (XRSC) diffraction on single sigls BaPdkZn:Geyp and
BasCusZn;Geyo) and of physical properties, which comprise etaut and thermal
transport have been described in our previous pdfeP].

4.3 Results and Discussion

4.3.1 Crystal Structure of BagMxZnyGessxy (M = Pd, Cu)
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In order to evaluate atom site preference in bolid solutions BgPd.ZnyGeys.x.y (X =

1, 2, 2.25, 2.4; y= 3.3, 3.75. 4, 5) andgBa.ZneGeyp (X = 2, 3, 4, 5.2, 5.25, 5.5,
5.75), x-ray powder profiles were collected at rotemperature from single-phase
samples. X-ray intensity data were recorded fromglsi crystals selected from
mechanically crushed alloys with nominal compositiBaP&ZnsGeyy and
BagCusZn3Geyp. In all cases extinctions were consistent with anive cubic lattice
(space group Pm3n, a~1.1nm). Ba-atoms, being heavy scatterers, were
unambiguously found at the 2a and 6c¢ site. Congl@atron density at the sites 16i
and 24k exclusively reveals Ge occupation in thates. Metal atoms (Zn, Pd/Cu)
randomly share the site 6d. A statistical mixtufettoee species (Zn, Pd/Cu and
possible vacancies), however, cannot be elucidaga@finement of x-ray data. In our
previous work [1] we have shown that the presenteracancies in the site 6d
significantly affects the bonding to the neighbgratoms in the 24k site, resulting in
split sites 24kand 24k [1]. As in the present case no split for the 24te svas
observed the 6d site was considered as fully oecugiy a statistical mixture
(Zn:Pd/Cu) where the occupation of Zn and Pd/Cu el from EMPA data (see
Tables 3 and 4)The vacancy-free crystal structure was also comfirry structural
analysis performed on single crystals selected fioensamples with composition at
the middle of the solid solutions e.g BakZn;Gey, BaaCusZnsGeyy. Compositions
and crystal structure details for x- ray singlestay and Rietveld refinements are given
in Tables 1, 2, 3 and 4. The variation of lattieggmeters vs. M (Pd, Cu) is shown in
Figure 1. It can be seen that lattice parameter8#Pd.Zn,Gess.x.y do not show any
appreciable change with increasing Pd content owinthe small difference in the
atomic radii of Zn and Pd. On the other hand bexaighe smaller size of Cu than
Zn, shrinkage of the unit cell with increase of Cantent is observed. Positional

parameters vs. M content are shown in Figures Zand
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Table 1: Composition from EMPA and crystallograptiata for BgPd.ZnyGess.x.yand BaCuZnyGess.xyalloys.

EMPA, at % Lattice parameter Ge2 in 16i Ge3in 24k (0,y,2);
Nominal composition EMPA, formuld Accepted composition
Ba M Zn Ge a, nm (X,X,X) y z
BagPd:ZnsGeyo 14.91 4.47 6.06 74.56 BRh 4ZNs 2:G€10.01 0.34 BasPdh 4ZN3 25103 1.07683(1) 0.18266(5) 0.11931(8) 0.31137(8)
BaPdh 2ZN; :Geyo 1.07709(2) 0.18327(3) 0.11859(4) 0.31115(4)
BagPdhZn,Geyo 15.06 2.86 8.30 73.78 B0, 5.ZN4 1G9 1d 10,88 BaPdh ZNn, Ges01 1.07680(2) 0.1833(1) 0.1184(2) 0.3112(2)
BagPdh »ZNs 7:Gey0 15.01 2.44 8.49 74.06 B0, 3Z N4 585639 47 10,70 BaPdh 22N, Geyo 1.07618(1) 0.1827(12 0.1190(2) 0.3105(2)
BagPdZnGey 15.02 1.71 9.59 73.68 BRah 9125 11G 39 24 10,74 BasPh oZNns 1Gey0.00 1.07631(2) 0.18270(5) 0.11823(7) 0.31024(7)
BagPdZnGey, 15.09 1.34 10.68 72.89 BRth 71215 665€35.64 10,99 BasPdh ZNs -Geso 6 1.07632(2) 0.18335(7) 0.1175(1) 0.3103(1)
BagPdhZn,Ges; 14.94 1.30 11.03 72.73 BRth 7ZNs 9d5E35.04 1o 45 BasPdh ZNs G304 1.07643(1) 0.18305(9) 0.1181(1) 0.3105(1)
BagPth »ZNz Geyo 3 1484 417 6.72 74.27 BRcb 2.7Ns 655€10.04 10,08 BagPth 2ZNn; Geyo1 1.07664(2) 0.18305(8) 0.1190(1) 0.3110(1)
BasCU,ZN,Geyo 14.63 3.88 6.71 74.78 BRLL, 1:ZN3 67G€10.89 -0.68 BaxCly, 1ZNs -Geyg 1.07318(1) 0.18304(7) 0.1182(1) 0.3116(1)
BagCUsZNsGeyo 14.66 5.76 5.16 74.42 BRLs 12Ny 8:G€10 61 -0.57 BaxCls 2ZN, §Ge10.0 1.07185(2) 0.18282(8) 0.1183(1) 0.3124(1)
BaCus 2Zn; Geyo & 1.07234(2) 0.18331(8) 0.11834(6) 0.31240(6)
BagCu,Zn,Geyg 14.72 7.75 3.38 74.15 BaLly 21721 845€40.39)-0.35 BasCu, 2ZNn; §Geyo.0 1.07069(2) 0.18396(1) 0.1190(1) 0.3137(1)
BagCUs 2ZNo 7:G €40 14.74 9.66 1.42 74.18 B 2.2 N0 7/G€10.26 0,27 BaxCUs 2ZNg §G€10.0 1.06971(1) 0.18242(8) 0.1194(1) 0.3141(1)
BagCus 52Ny sGeyo 14.86 10.01 0.93 74.20 B2Us 307N0 50563005 10.16 BasCus 4Zno sGeyo.1 1.06922(2) 0.18237(8) 0.11961(8) 0.3149(1)
BagCus 752N 25G €40 14.93 10.24 0.69 74.14 Baus 40ZNg 3583079 J0.41 BasCus 52N 4Gey0.1 1.06910(2) 0.18332(7) 0.11973(2) 0.31467(1)
BagCUs 2ZNo §GE0 15.09 8.70 2.13 74.06 BaL 6ZN; 145630 26 11 0> BaCUs 2ZNg §Ge10.0 1.06994(2) 0.18322(8) 0.1194(1) 0.3134(1)

DBa sublattice (2a and 6d sites) was found to Hg @uicupied.

2 Lattice parameters and crystallographic data 3fteay single crystal refinement.
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Table 2. X-Ray single crystal data for Bd.Zns ,Gey and BaCuZng ,Geyo (room temperaturey-

scans, scan width 2°; redundancy >10); clathratpe-t; space grou;Pmén; No. 223; standardized
with programStructure Tidy{16].

Parameter/compound’ BagPd;Zn;Geyq BagCusZn;Geyqg
Formula from refinement BagPd, 4ZNn3 2:Ge4 3¢ BagCus »ZN, gGe40.0c
Crystal size 50x58x60pum’ 50x58x60um?
a[nm], Ge standard 1.07683(1) 1.07185(2)

M ape [Mm7] 32.16 35.27

Data collection, ® range(°) Z20<72.0; 50 sec/frame <20<72.0; 50 sec/frame
Total number of frames 201 6 sets 201 6 sets
Reflections in refinement 470=40(F,) of 567 52240(F,) of 567
Mosaicity <0.45 <0.45

Number of variables 17 16

Re = Z|R>-F /=Ry 0.0245 0.0178

Rint 0.0376 0.0153

wR2 0.0534 0.0322

GOF 1.121 1.158
Extinction (Zachariasen) 0.0011(1) 0.0016(1)

Bal in 2a (0,0,0); occ. 1.00(1) 1.00(1)
U11=Uy=Ug: [in 10Pnné] 0.0106(2) 0.0096(1)

Ba2in 6¢ (¥,0,%2); occ. 1.00(1) 1.00(1)

Uiy, Upy = Ugg 0.0248(4); 0.0537(3) 0.0182(2); 0.0382(2)
M1 in 6d (¥4,%,0); occ. 0.54(1)2m0.40(1)P@+0.06(1) (3)Ge  0.53(1)C#+0.47(1)z?
Uiy, Upy = Ugg 0.0143(4); 0.0106(3) 0.0117(3); 0.0097(1)
Gezin 16i (x,X,X) ; OccC. 1.00(1) 1.00(1)

X: 0.18327(3) 0.18331(2)
U11:U22:U33; U23:U13:U12 00099(1), -00009(1) 00087(1), -00008(1)
Gesin 24k (0,y,z); occ. 1.00(1) 1.00(1)

Y,z 0.11859(4); 0.31115(4) 0.11864(2); 0.31240(2)
Uig; Uy 0.0111(2); 0.0126(2) 0.0099(1); 0.0105(1)
Uss, Upg 0.0106(2); 0.0009(1) 0.0094(1); 0.0006(1)
Residual density'b&3; max; 1.67; -1.50 0.92; -0.74

min

Principal mean square Bal 0.0106 0.0106 0.0106 Bal 0.0096 0.0096 0.0096
atomic displacements U Ba2 0.0537 0.0537 0.0248 Ba2 0.0382 0.0382 0.0182

M1 0.0143 0.0106 0.0106 M1 0.0117 0.0097 0.0097

Ge2 0.0108 0.0108 0.0080 Ge2 0.0095 0.0095 0.0070

Ge3 0.0129 0.0111 0.0103 Ge3 0.0108 0.0099 0.0092
Interatomic distances, standard deviation less h@®03 nm

Bal — 8Ge2 0.3418 0.3403
-12Ge3 0.3586 0.3582
Ba2 - 8Ge3 0.3607 0.3583
-4M1 0.3807 0.3790
- 8Ge2 0.4005 0.3987
-4Ge3 0.4160 0.4142
M1 -4Ge3 0.2477 0.2455
- 4Ba2 0.3807 0.3790
Ge2 - 1Ge2 0.2489 0.2476
- 3Ge3 0.2505 0.2501
-1Bal 0.3418 0.3403
Ge3- 1M1 0.2477 0.2455
-2Ge2 0.2505 0.2501
-1Ge3 0.2554 0.2543
-1Bal 0.3586 0.3582
- 2Ba2 0.3607 0.3583

DNominal compositio? Pd, Cu, Zn fixed after EMPA.
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Table 3a: X-ray powder data for alZns Gey at x= 0.70, 0.71, 0.91, 2.40; (room temperaturgge plate data collection, CyKadiation,®©
range &20<100); clathrate type |, space groBp3n ; No. 223; standardized with progrétructure Tidy[16].

Parameter/compound’ BagPd,Zn,Ges; BagPd;ZnsGeyq BagPd;ZnsGeyq BagPd, .Zn; :Geyg -
Composition, EMPA at.% BagPdy 7¢ZN5 o(Ges5.9: BagPdy 7125 6¢Ge356: BagPdy 91Z2N5.1:Gesg 2 BagPd; 5.ZN3 6:Ge€40.0.00.0¢
Composition from refinement BagPdy 7¢ZNs oGes39.4c BagPdy 7:2N5.6¢6Ge396: BagPdy 91ZNn5 11Ges0 o BagPd; 4ZNn3 ¢Geso
a[nm], Ge standard 1.07643(1) 1.07632(2) 1.07631(2) 1.07664(2)
Reflections measured 144 144 148 145
Number of variables 24 28 24 17
Re = Z|F,-Fd/ZF, 0.0641 0.0685 0.0714 0.063
R = Zlg-1o|/Zlo 0.0836 0.0787 0.0652 0.049
Rus=[EWilYorrYeil EWilyoi1 0.0875 0.0864 0.0433 0.040
Re = Z|YorYeil Z Yol 0.0557 0.0573 0.0328 0.026
R, = [(N-P+C)Ewy?,)]* 0.0288 0.0195 0.0297 0.023
X2 = (Rup/Ro)? 9.25 19.6 2.12 3.20
Atom parameters
Balin 2a (0,0,0); occ. 1.00(2) 1.00(2) 1.00(2) 1.00(1
Biso (107 nnt) 0.37(6) 0.36(5) 0.32(3) 0.46(5)
Ba2 in 6¢ (¥4,0,%); occ. 1.00(1) 1.00(1) 1.00(1) 1.00(1
Biso (107 nnf) 3.04(6) 2.83(5) 2.75(4) 2.96(6)
M12? in 6d (¥4,%,0); occ. 0.12(1)Pd+0.88(1)Z0.12(1)Pd+0.88(1)Zn 0.15(1)Pd+0.85(1)Zn 0.38(1)Pd+0.60(1)Zn+0.02(1)Ge
Biso (107 nnt) 0.97(8) 0.70(8) 0.99(4) 0.81(6)
M2 in 16i (x,x,X) ; occ. 0.04(1)Zn+0.96(1)GO.02(1)Zn+0.98(1)Ge 1.00(1)Ge 1.00(1)Ge
X 0.18305(9) 0.18335(7) 0.18270(5) 0.18312(8)
Biso (107 nnT) 0.88(4) 0.79(4) 0.98(3) 0.73(4)
GeZ in 24k (0,y,z); occ. 1.00(1) 1.00(1) 1.00(1) 1.00(1)
Yz 0.1181(1); 0.3105(1) 0.1175(1); 0.3103(1) 0.118P3YB1024(7) 0.1189(1); 0.3110(1)
Biso (107 nnt) 0.55(4) 0.52(3) 0.67(2) 0.63(3)
Interatomic distances, standard deviation less 6h@D03 nm
Bal — 8M2 0.3413 0.3418 0.3406 0.3413
-12Ge3 0.3576 0.3571 0.3573 0.3583
Ba2 - 8Ge3 0.3608 0.3607 0.3610 0.3608
-4M1 0.3806 0.3805 0.3805 0.3805
- 8M2 0.4005 0.4003 0.4007 0.4004
- 4Ge3 0.4162 0.4168 0.4160 0.4154
M1 -4Ge3 0.2485 0.2491 0.2487 0.2476
- 4Ba2 0.3806 0.3805 0.3805 0.3805
M2 — 1M2 0.2496 0.2485 0.2497 0.2494
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Parameter/compouno” BagPd,Zn,Ges; BagPd;ZnsGeyq BagPd;ZnsGeyq BagPd, »Zn3 :Geyq -

- 3Ge3 0.2501 0.2503 0.2509 0.2501
-1Bal 0.3413 0.3418 0.3406 0.3413
Ge3- 1M1 0.2485 0.2491 0.2487 0.2476
- 2M2 0.2501 0.2503 0.2509 0.2501
-1Ge3 0.2542 0.2528 0.2545 0.2559
-1Bal 0.3576 0.3571 0.3573 0.3583
- 2Ba2 0.3608 0.3607 0.3610 0.3608

YNominal composition.
2 Pd, and Zn fix after EMPA.

Table 3b: X-ray powder data for g&dZns«Geyp at x= 1.30, 1.52, 2.40; (room temperature, imalgéepdata collection, Cu K
radiation,® range &20<100); clathrate type I, space groBm3n; No. 223; standardized with progradtructure Tidy{16].

Parameter/compound’ BagPd, »:ZNn3 7:Geyq BagPd,Zn Geyg BagPd;Zn;Geyq
Composition, EMPA at.% BagPd; 3Zn, 5:Ges9 45 BagPd; 5:Zn4 4:Ge€39 1¢ BagPd, 4Zn3 »:Gesg o
Composition from refinement BagPd; 3Zn4 5:Ges0 15 BagPd; 5:2n4 41G€40.0; BagPd; 4ZN3 2:Geyg 3¢
a[nm], Ge standard 1.07618(1) 1.07680(2) 1.07683(1)
Reflections measured 144 145 143
Number of variables 24 27 24

Rr = Z|R-F 2R, 0.0776 0.0788 0.0734

R, =Z|lo-I/Zl, 0.0833 0.0835 0.0683
Rur=[ZWilYorr Yo/ Zwilyoi 2 0.0591 0.0562 0.0479

Re = Yo Yail ZIYoil 0.0449 0.0383 0.0345

R. = [(N-P+C)Ewy?,)]* 0.0183 0.0202 0.0232

X2 = (Rye/Re)? 10.4 7.70 4.28
Atom parameters

Balin 2a (0,0,0); occ. 1.00(1) 1.00(1) 1.00(1)
Biso (107 nn) 0.38(5) 0.37(7) 0.36(4)

Ba2 in 6¢ (¥4,0,%); occ. 1.00(1) 1.00(1) 1.00(1)
Biso (107 nn) 3.00(8) 2.65(7) 3.59(4)
M12 in 6d (¥,%,0); occ. 0.22(1)Pd+0.75(1)Zn+0.03@)&25(1)Pd+0.74(1)Zn+0.01(1)@e40(1)Pd+0.54(1)Zn+0.06(1)Ge
Biso (107 nnt) 0.77(6) 0.98(7) 0.97(5)

Ge2 in 16i (x,x,X) ; occ. 1.00(1)Ge 1.00(1)Gé 1.00(1)Ge

X 0.1827(1) 0.1833(1) 0.18266(5)
Biso (107 nnf) 0.98(5) 0.84(6) 0.94(5)
Gesin 24k (0,y,z); occ. 1.00(1) 1.00(1) 1.00(1)

Y, Z 0.1190(2); 0.3105(2) 0.1184(2); 0.3112(2) 0.11931G&81137(8)
Biso (107 nnf) 0.72(3) 0.59(4) 0.81(2)
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Interatomic distances, standard deviation less h@D03 nm

Bal - 8Ge2 0.3405 0.3419 0.3407
-12Ge3 0.3578 0.3586 0.3591
Ba2 - 8Ge3 0.3611 0.3606 0.3609
-4M1 0.3805 0.3807 0.3807

- 8Ge2 0.4006 0.4005 0.4009
-4Ge3 0.4152 0.4161 0.4152

M1 - 4Ge3 0.2480 0.2478 0.2471
- 4Ba2 0.3805 0.3807 0.3807
Ge2 - 1Ge2 0.2495 0.2487 0.2501
- 3Ge3 0.2509 0.2506 0.2512
-1Bal 0.3405 0.3419 0.3407
Ge3- 1M1 0.2480 0.2478 0.2471
-2Ge2 0.2495 0.2506 0.2501
-1Ge3 0.2561 0.2550 0.2570
-1Bal 0.3578 0.3586 0.3591

- 2Ba2 0.3611 0.3606 0.3609

YNominal composition.
2 pd, and Zn fix after EMPA.

Table 4a: x-ray powder data for Ba8CuxZn6-xGe4d=a2.1, 3.2, 4.2; (room temperature, image plate dallection, Cu I§ radiation,
O range &20<100); clathrate type |, space groBp3n; No. 223); standardized with program StructureyTib].

Parameter/compouno” BagCu,Zn,Geyqg BagCusZn;Geyq BagCu,Zn,Geyqg
Composition, EMPA BagCu, 1Zn3 :Geyg ¢ BagCus;5Zn, ¢Geyg ¢ BagCuy,.Zn1 ¢Geyg -
Composition from refinemefit BagCu, 1Zn3 Geug ¢ BagCus 5Zn, ¢Gesg ¢ BagCu, .Zn1 ¢Geyo ¢
a[nm], Ge standard 1.07318(1) 1.07185(2) 1.07069(2)
Reflections measured 143 143 143
Number of variables 25 25 25

Rr = Z|Fo-F/iZF, 0.064 0.084 0.087

R =Z|lo-1 |zl 0.080 0.071 0.072
Rur=[ZWilYorr Yo/ Zwilyoif1 0.077 0.086 0.098

Re = Z|YoirYeil Z|Yoil 0.050 0.061 0.072

Re = [(N-P+C)Ewy?,)]* 0.021 0.019 0.018

X* = (Rue/Ro)? 13.6 205 23.4
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Parameter/compouno” BagCu,Zn,Geyq BagCuzZn3;Geyq BagCu,Zn,Geyq

Atom parameters

Balin 2a (0,0,0); occ. 1.00(1) 1.00(1) 1.00(1)
Biso (107 nnt) 0.50(5) 0.37(5) 0.65(8)
Ba2 in 6¢ (v4,0,%); occ. 1.00(1) 1.00(1) 1.00(1)
Biso (107 nnt) 2.47(5) 2.64(5) 2.29(5)
M1 in 6d (¥4,%,0); occ. 0.35(1)Cu+0.650Zn 0.53(1)C4¥(1)Zn 0.70(1)Cu+0.30(1)Zn
Biso (107 nnt) 0.45(9) 0.93(8) 0.39(9)
Gezin 16i (x,x,X) ; occ. 1.00(1) 1.00(1) 1.00(1)
X 0.18304(7) 0.18282(8) 0.18396(1)
Biso (107 nnt) 0.88(3) 0.91(4) 0.81(4)
Gesin 24k (0,y,z); occ. 1.00(1) 1.00(1) 1.00(1)
y; z 0.1182(1); 0.3116(1) 0.1183(1); 0.3124(1) 0.1190013137(1)
Biso (107 nnt) 0.86(3) 0.66(3) 0.63(4)
Interatomic distances, standard deviation less €h@®03 nm
Bal - 8Ge2 0.3402 0.3394 0.3412
-12Ge3 0.3576 0.3580 0.3592
Ba2 - 8Ge3 0.3591 0.3583 0.3573
-4M1 0.3794 0.3790 0.3785
-8Ge2 0.3993 0.3990 0.3979
- 4Ge3 0.4150 0.4145 0.4136
M1 - 4Ge3 0.2468 0.2457 0.2438
- 4Ba2 0.3794 0.3790 0.3785
Ge2 - 1Ge2 0.2489 0.2494 0.2449
- 3Ge3 0.2499 0.2499 0.2509
- 1Bal 0.3402 0.3394 0.3412
Ge3- 1M1 0.2468 0.2457 0.2438
-2Ge2 0.2499 0.2499 0.2509
-1Ge3 0.2539 0.2537 0.2548
-1Bal 0.3576 0.3580 0.3592
- 2Ba2 0.3591 0.3583 0.3573

YNominal composition.
2 Cu, and Zn fix after EMPA.
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Table 4b: X- ray powder diffraction data for Ba8Zn%-xGe40 at x=5.2, 5.4, 5.5; (room temperatur@genplate data collection, Cu
Kal radiation® range 820<100); (space groupr3n), standardized with programme Structure Tidy [16].

Parameter/compound) BagCus »:ZNng 7:Geyq BagCus :ZNng :Geyq BagCus 7:Zn¢ »:Geyq BagCus ;:ZNng ¢Geyq
Composition, EMPA BagCus -Zng ¢Geyg - BagCus 4Zng:Gey ¢ BagCus:Zng Gesg - BagCus .Zng ¢Geyg
Composition from refinement BagCus -Zng ¢Geug ¢ BagCus 4ZngGesg¢  BagCus:eZng Gesg BagCus ;ZNg :Geso”
a[nm], Ge standard 1.06971(1) 1.06922(2) 1.06910(2) 1.06994(2)
Reflections measured 144 143 143 143
Number of variables 25 25 25 22
Re = Z|F,-F/ZF, 0.059 0.089 0.051 0.067
R = Z|lo-1d/Zl, 0.075 0.094 0.056 0.065
Rur=[ZWilYorr Yo/ 2wl 0.069 0.095 0.089 0.034
Re = Z|YorYail Vol 0.045 0.071 0.062 0.022
R. = [(N-P+C)Ewy?,)]* 0.029 0.017 0.011 0.020
X2 = (Rye/Re)? 5.62 30.8 64.2 2.86
Atom parameters
Balin 2a (0,0,0); occ. 1.00(2) 1.00(2) 1.00(1) 1.00(1
Biso (107 nnt) 0.46(5) 0.32(5) 0.53(6) 0.63(6)
Ba2 in 6¢ (¥4,0,%); occ. 1.00(1) 1.00(1) 1.00(1) 1.00(1
Biso (107 nnf) 2.45(5) 2.64(5) 2.51(5) 2.67(6)
M1? in 6d (¥4,%,0); occ. 0.87(1)Cu+0.13(1)Zn 0.90(@»C.10(1)Zzn  0.92(1)Cu+0.08(1)Zn
Biso (107 nnt) 0.86(7) 0.92(8) 0.82(7) 1.44(9)
Gezin 16i (x,X,X) ; occ. 1.00(1) 1.00(1) 1.00(1) 1(0p
X 0.18242(8) 0.18237(8) 0.18332(7) 0.18322(8)
Biso (107 nnt) 0.96(4) 0.98(4) 0.60(3) 1.18(4)
GeZin 24k (0,y,z); occ. 1.00(1) 1.00(1) 1.00(1) 1.00(1)
y; z 0.1194(1); 0.3141(1) 0.11961(8); 0.3149(1) 0.119y:31.31467(1) 0.1194(1); 0.3134(1)
Biso (107 nnf) 0.56(3) 0.40(3) 0.81(3) 0.86(4)
Interatomic distances, standard deviation less €h@®03 nm
Bal - 8Ge2 0.3380 0.3377 0.3395 0.3394
-12Ge3 0.3594 0.3601 0.3599 0.3588
Ba2 - 8Ge3 0.3569 0.3564 0.3565 0.3573
-4M1 0.3782 0.3780 0.3780 0.3782
- 8Ge2 0.3984 0.3982 0.3976 0.3979
- 4Ge3 0.4128 0.4126 0.4124 0.4127
M1 - 4Ge3 0.2430 0.2421 0.2422 0.2436
- 4Ba2 0.3782 0.3780 0.3780 0.3782
Ge2 - 1Ge2 0.2504 0.2505 0.2469 0.2474

48



Parameter/compou nd BagCus »:ZNg 7:Geyq BagCus :ZNng :Geyq BagCus 7:ZNg 2:Geyq BagCus ;:ZNng ¢Geyq

- 3Ge3 0.2499 0.2502 0.2505 0.2499
-1Bal 0.3380 0.3377 0.3395 0.3394
Ge3- 1M1 0.2430 0.2421 0.2422 0.2436
-2Ge2 0.2499 0.2502 0.2505 0.2499
-1Ge3 0.2555 0.2558 0.2560 0.2555
-1Bal 0.3594 0.3601 0.3599 0.3588
- 2Ba2 0.3569 0.3564 0.3565 0.3573

YNominal composition.
2 Pd, and Zn fix aftetEMPA.
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4.3.2 Crystal Structures of the solid solution BgZnyGess.x.,S.

The crystal structure of the solid solutiongBa.Gess.x,Siy (y = 0, 8.7, 18.9, 18.2,
27.3; 7.0sx< 7.7) was evaluated by Rietveld refinement of x{payder diffraction
profiles. In all cases cubic symmetry was confirngew all measured reflections
were indexed in space grotPm3n. No superstructure reflections indicating a
doubling of the unit cell [7] were observed (Fig. 5The lattice parameters show a
linear increase with increasing Ge content (Fig.ad4jact which is in line with the
difference of the atomic radii of Ge and Si. Thitida parameters increases by about
3.1 % between the end points of the solid solutibn.order to elucidate site
preferences for Ge/Si substitution the followingistural model was used. Ba atoms
were placed unambiguously on 2a and 6c sites artkfext was observed for the 2a
site [5] for the Si-rich solid solution in contrastbinary Ba.-Siss [8].

Starting with Si distributed on all framework sitédd, 16i, 24k), refinement of
occupation factors for all sites (see Fig. 4) reesliin the following trends for the
electron densities with increase of Ge contentaiijalmost linear increase in the 6d
site (i) a linear increase in electron density fbe 24k site, whilst (iii) a strong
negative deviation from linearity was observed ttog 16i site. Considering such a
distribution of electron densities on one side andinal number of the elements,
interatomic distances (Figure 4) and atomic raflthe elements on the other side, a
model for atom site preference was established twigcoutlined in Table 6 and
Figure 4.

The small change of the electron density in sitec@d be attributed to the Zn/Si
substitution. Rietveld refinements for this siteaal a statistical mixture (Si+Zn) for
BagZn; sGeo Sivs;, and BaZny :Geg oSiigo Whereas for higher Ge contents the site
was fully occupied by Zn (see Table 6 and Fig.Tée very small difference in x-ray
scattering power of Ge and Zn does not allow rédiatefinements even with
compositional constraints from EPMA data. Therefeeeassume a linear change of
the Zn content in the 16i and 24k sites betweenganecies that were established

for the end members of the seriessBaSisg [5] and BagZngGesg [1]. Accordingly
only the Ge/Si ratios for the 16i and 24k sitesev&fined. These refinements reveal

Si/Ge substitutions as shown in Table 6, Figuraedithe resulting chemical formulae
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are in good agreement with EPMA for all membershef series. Obviusly there is a
strong deviation from linearity, particularly fohd 16i site. In order to prove the
reliability of such site preference we performefinements considering simply a
linear change of the atom distribution in thesess(tnarked by dotted lines Figure 4).
All these models, however, were ruled out by thineenents. The results are in
agreement with a study of the ternary solid sofutBss.-Siss.xGe (0 <x £23) [8],
where at smaller Ge-contents Ge-atoms have a syogfgrence for the 24k site
whilst at higher concentration Ge enters the 16i si

Similarly, vacancies in the 6d site were not canéd by Rietveld refinements due to
significant disagreement with the resulting forneuland EPMA. All results for
Rietveld refinements are shown in Table 6 and Edurlt should be noted, that the
refinement of the x-ray powder profile for the saenprepared by ball-milling and
hot-pressing yields practically the same resultathe hand-milled and hot-pressed
sample with similar composition.

The interatomic distances also increase monotdwyieath increasing Ge contents in
line with the bigger atomic radii of Ge as compatedi (see Figure 4). Important
interatomic distances are plotted vs. Ge/(Ge+Sifigure 4, where a pronounced
effect in case of distances M2-M2 and M3-M3 witlcrasing Ge content is
associated with the occupancy factor for the 16i 24k site vs. Ge/Si substitution
(see Figure 4). Variation of the free parametefsr xhe site 16i (x, x, X) and y, z for
the site 24k (0, y, z) with increasing Ge contenshown in Figure 6. The linear
increase of the z parameter with increasing Geecrtrns in line with the difference in
atomic radii, gers, whereas the y parameters simultaneously passighra

maximum.
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Table5. EPMA and structural data forga,Gess.x,Siy solid solution.

Nominal
composition

BagZngGeySiyg
BagZngGeyeSiyg
BagZngGeyeSiyg
BagZngGeysSiag
BagZngSiae
BagZngGeyg

Ba
15.28
14.8
15.0
14.7

EMPA, at %

Zn Ge Si
14.0 20.8 49.9
13.6 36.6 35
13.5 38.0 335
14.1 55.0 16.2

EMPA, formula

Ban; :Gey1 Sipr ;
Ban; 4Geyg 1Siis ¢
Bén; ;:G6y ¢Shs
Ban; (Geyg Sis ;

Accepted
composition

BagZn7 :Geyg ¢Sizs 1
BagZn; /Gerg ¢Siis ¢
BagZn; :Geyg Siis
BasZn7 ¢Gey :Sig 1
BaZn;Sizg
BaZny ;Sige

Lattice
parameter a, nm

1.05278(2)
1.06086(2)
1.06026(2)
1.06833(2)
1.04382(2)[5]
1.07647(3) [1]

Table 6. X- ray powder diffraction data for &Za,Geyex.,Siy solid solution (room
temperature, image plate data collection, Cy kKadiation,® range &20<100);
(space groupn3n), standardized with programn&ructure Tidy16].

Parameter/compound BasZnsGesSiz BasZnsGercSiic BasZnsGexSis
Composition, EMPA BagZn7:Gey1.Sir7: BagZn7.:Ge.Siis ; BagZn7.¢Gexg -Sig 7
Composition from refinemeﬁt BagZn7.:Ge10.Sizg 1 BagZn7.:Ge19.Siigc BagZn7..Gexg :Sig 1
a[nm], Ge standart 1.05278(2) 1.06026(2) 1.06833(2)
Reflections measured 135 143 145
Number of variables 22 22 20
Re = =|Fo-Fdl/EF, 0.066 0.066 0.080
R = Z|lo-I|iZlo 0.085 0.061 0.086
Rur=[ZWilYoi-Yeil/ZwWilyoil’1* 0.066 0.028 0.051
Re = = |Yor-Yeil /Yol 0.043 0.020 0.038
Re = [(N-P+C)Ewiy2)]* 0.026 0.023 0.030
X2 = (Rup/Re)? 6.22 1.46 2.83
Atom parameters
Balin 2a (0,0,0); occ. 1.0(1) 1.0(1) 1.0(1)
Biso (107 nnf) 0.71(6) 0.97(5) 1.11(6)
Ba2in 6c (¥4,0,%2); occ. 1.0(2) 1.0(2) 1.00(1)
Biso (107 nnrf) 2.33(5) 2.88(5) 3.32(6)
M1 in 6d (¥2,%2,0); occ. 0.87(1)Zn+0.13(1)Si 0.90(12.10(1)Si 1.0(1)zn
Biso (107 nnrf) 0.86(8) 0.50(6) 1.30(8)
M2 in 16i (x,X,X) ; occ. 0.83(1)Si+0.17(1)Ge 0.77()®23(1)Ge+0.05(1)Zh 0.34(1)Si+0.56(1)Ge+0.1(1)Zn
X 0.1844(2) 0.18421(9) 0.1836(1)
Biso (107 nnrf) 1.26(8) 1.22(5) 1.60(6)
M3 in 24k (0,y,z); occ. 0.59(1)Si+0.338(1)Ge+0.08ZA.27(1)Si+0.64(1)Ge+0.04(1)Zn 0.15(1)Si +0.85(1)Ge
vz 0.1183(2); 0.3061(2) 0.1187(1); 0.3069(1) 0.1184913077(1)
Biso (107 nnf) 0.75(5) 1.02(4) 1.19(4)
Interatomic distances, standard deviation < 0.00@3

Bal — 8M2 0.3373 0.3381 0.3397

-12M3 0.3455 0.3487 0.3522
Ba2 — 8M3 0.3555 0.3576 0.3599

- 4M1 0.3722 0.3747 0.3777

- 8M2 0.3906 0.3937 0.3972

- 4M3 0.4063 0.4085 0.4123
M1 - 4M3 0.2467 0.2475 0.2490

- 4Ba2 0.3722 0.3747 0.3777
M2 — 1M2 0.2392 0.2415 0.2458

- 3M3 0.2432 0.2446 0.2469

-1Bal 0.3734 0.3381 0.3379
M3- 2M2 0.2432 0.2446 0.2469

-1M1 0.2467 0.2475 0.2490

- 1M3 0.2488 0.2516 0.2529

-1Bal 0.3455 0.3487 0.3522

- 2Ba2 0.3551 0.3576 0.3599

Dnominal compositioR. accepted composition.

% 7n fixed considering linear increase or decreaitie Ge content
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4.3.3 Phase equilibria in the quaternary systems Ba-(Pd,-Zn-Ge and
Ba-Zn-Ge-Si

The partial isothermal sections at 800 °C for tgrimpundary systems Ba-Zn-Ge and
Ba-Pd-Ge were accepted from our recent investigatjt, 2] and serve as the basis
() to construct the quaternary phase diagramHterdystem Ba-Pd-Zn-Ge at 800 °C
and (ii) to define the quaternary single-phasehcide region B&ZnPd Gesp.x.y-A7;.
According to Gibbs’s phase rule, a four-compongmstesn may involve four phases
in equilibrium at constant pressure and temperailite convenient way to present a
guaternary equilibrium at constant P, T is the cositpon tetrahedron (Roozeboom-
Fedorov tetrahedron; simplex). For the correct tonton of phase relations among
the tie-tetrahedra and adjoining phase fields rtihe of Palatnik and Landau [15] on
the association of phase fields may be applied.

The three dimensional phase diagram for the Ba#R&& system is shown in Figure
7a. The connectivity scheme plays a key role topieta the construction of the 3D
guaternary phase diagram (Figure 7d). The geneled for phase field connection in
a four-component system imply that two-, three-d dour-phase regions are
connected to a single-phase body via corresponduréaces, lines and vertices,
respectively. The three phase equilibtia L+(Ge) (a),x3+ 12+L (b), k1t to+BaGe
(c), k1+ 11+L (e) andk;1+ t1+BaGe (f) (for a,b,c,e,f see Fig 7b) involve tkephase at
its maximum solubility for M atoms. Therefore sclait phase equilibria on the
basis of the connectivity scheme at 800 °C arecgortesl in Figure 7b.

The tie-tetrahedron corresponding to the four-prexgglibrium k;+t1+1o+L appears
as simplex “A” in Figure 7b, which is connected tiwo three-phase equilibria
kitt1tL andky+t+L from the ternary boundary systems Ba-Zn-Ge aaePB-Ge,
respectively. The four-phase equilibrium “A” corteeto tie-tetrahedron “B” via the
three-phase equilibriumy+ti+t,. The tie-tetrahedron “B” corresponding to the four
phase equilibrium x;+1,+1,+BaGe derives from two three-phase equilibria
kitt1+tBaGe and k;+1,+BaGe in the ternary systems (see connectivity scheme,
Figure 7b and d)
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'-"BagSisg™-"BagZnuc’; b)

The partial isothermal section "Baes"'BagPdis"'BagZnss’ presented in Figure 7c¢
lies very close to the phase equilibkigrti+L andk;+1,+L, therefore the two-phase
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regions connecting the three-phase equilibria waitsingle-phase region are very
narrow and are not shown in this section.

The single-phase region for the clathrate | phaa&@Z P d Gess.x.y-2, IS outlined in
Figure 7b where the variation of defects can alssden. The vacancies present in
BagGeys03 disappear atz = 6 in BaZnGesx and at ¥4 = 4 in BaPdGeys.«.

Liquid surfaces extending from two binary systendsGe and Zn-Ge to the ternary
and finally merging in the quaternary system coadarge part of the isothermal
section (Figure 7a).

On the basis of available experimental data onass and annealed samples, partial
isothermal sections "B&e"'-"BagCusg’-"BagZnss’ and "BaGeys'-"BagSiss'-
"BagZnys' at 800 °C are presented in Figure 8a arnhk single-phase region of the
clathrate phase is outlined in these sections, lwisiconnected to the corresponding

two-phase and three-phase equilibria.

4.4 Conclusion

Vacancy-free quaternary clathrate solid solutioagZB,Gese.x-ySiy, Bag(Zn,Cu)Gexs.
x and Bg(Zn,Pd)Gess.x were prepared and characterized by x-ray powd&adiion,
x-ray single crystal, EMPA. Complete structural leeséions were made on the basis

of x-ray powder diffraction and x-ray single cryst@analyses. All compounds

crystallize in space grou.Prfgn, isotypic with clathrate type I. No defects were
observed. Site preference for each case was egdluM atoms (Zn,Pd,Cu) in
Bag(Zn,Cu)Gess.x Bas(Zn,PdXGesx randomly share the site 6d. Linear substitution
of Zn at the 6d site in the B&nGes.4.,Siy solid solution was observed. Lattice
parameters show a linear increase with increageedfor the BaZn,Gexs.x.,Siy solid
solution.

Isothermal section at 800 °C for the quaternaryesyBa-Pd-Zn-Ge was constructed
and partial isothermal sections ‘'dBaes’-"BagPdis’-"BagZnss’, "BasGeys'-
"BagCuwe'-"BagZngs' and "BaGeys'-"BagSiss'-"BagZngg' at 800 °C are presented.
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5 Synthesis and Characterization of BgZn,Gess.« (X
=0, 2, 4, 6) and BgNiyZnyGeys.«, Clathrates

5.1 Introduction

As a part of our research on clathrates | withditeon metals (TM) and Ge/Si with
the formula BgalM,Ges.,, present chapter is designated to the synthesis an
characterization of series of clathrates sBaGesx (X = 0, 2, 4, 6) and
BagNixZnyGessxy. Alloys BaZn,Gessx (X = 0, 2, 4, 6) were prepared for inelastic
scattering experiments [1], while seriesgBaZn,Gess.x.y is the continuation of
research regarding fine-tuning the thermoelectrioperties of the clathrates by
various substitutions at the framework sites. Rnesly we reported structure, phase
equilibria and physical properties on a series udtgrnary clathrates [2] where the
effect of Pd/Zn, Cu/Zn and Si/Ge substitutions da froperties were studied in
detail. Herein we report on the formation of gBBZn,Gese.x.y Clathrates where X is
fixed at about 0.4<x<1.0 and y is varied as 6.4<8<The purpose is to find the
proper combination where we can reach full chamapensation, which can trigger

the enhancement of the theroelectric figure of meri

5.2 Experimental

Master alloys BgGesx (X=0, 2, 4, 6) were prepared by melting elementgbis (Ba
99.9, and Ge 99.999 mass %) in an electric arafigmunder Ti-gettered argon with a
non-consumable tungsten electrode on a water-camp@er hearth. These master
alloys were mixed with Zn (99.99 mass %) in staohéeteric ratio for nominal
compositions B&ZnGesx (X = 0, 2, 4, 6) and sealed in quartz tubes. Theures
were melted at 1000°C for 2 h. Afterwards samplesawurnace cooled to 800°C and
annealed at this temperature for 4-7 days priaquenching in cold water. Samples
were powderized to small particle size for inetastiattering measurements.
Clathrate sample BBiZn,Gessx.y Were prepared in the following way: Master alloy

BagNiGeys was prepared by arc melting with a non-consumaligsten electrode on
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a water-cooled copper hearth whereby Ni is meltegvgise with addition of small
amounts of Ge and then this NiGe alloy is meltethvida three times for complete
homogenisation. In order to keep the same syntluesiditions master alloys of the
two end members (BAnNiyGessxy (X=1, y=7.2, 6.5)) were prepared. Calculated
amounts of Zn for the two end members were addéaet®aNiGe,s master alloy and
the mixtures are sealed in evacuated quartz tdties mixtures were melted at 1000
°C for ~ 2h and furnace cooled to 800 °C. Aftervgotide products were ball-milled to
a grain size well below im (Fritsch Vario-Planetary mill Pulverisette 4 witingsten
carbide (WC) walled container and WC-balls). Théeotmembers of the series
BagZnNiyGessxy (X= 6.6, 6.7, 6.8, 6.9, 7.0, 7.1, y=1) were theapared by taking
calculated amounts of the powders from the two prambers mixing them and
ballmilling again to get completely homogenisede dowders were then hot pressed
in cylinders with 10 mm diameter and 6 mm heightby pressing in a graphite die at
800°C (argon atmosphere, pressure 60 MPa, FCT hot gretem HP W 200/250
2200-200-KS).

X-ray powder diffraction (XPD) data from alloys veercollected employing a
Guinier-Huber image plate system with Ca-Kradiation (8° < B < 100°). Precise
lattice parameters were calculated by least-squitesto the indexedd-values
employing Ge as internal standaed{= 0.5657906 nm). Chemical compositions for
Ni containing clathrates were measured by ElecBmbe Micro Analysis EPMA on

a Carl Zeiss DSM 962 equipped with a Link EDX sgsteperated at 20kV and

60pA; binary BaGes was used as internal standards.
5.3 Results and Discussion

X-ray powder diffraction profiles reveal single-gleamaterials in almost all cases
(trace amounts of Ge may be found in few samples) @athrate type | structure

(S.G Pmén; a~1.1nm). No secondary phases of B&f or BaGes were
encountered in BZnGepx (X = 0, 2, 4, 6). Due to temperature range of the
existence of BgGed I3 (770-810 °C) [3,4], this phase can be quencheg toim
high temperatures. Ordering of the vacancies igGga 13 results in a superstructure

with double unit cell parameter [3]. Superstructeections which corresponds to
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the doubling of the unit cell parameter were det@dtom x-ray powder diffraction
profiles for quenched B&ey3 3 and the pattern was fitted successfully on thésbas
of double unit cell parameter and with the fullgered model given in Ref. [3] (S. G.
la-3d, a=2.13107(3) nm)) as shown in Figure 1. Bal Ba# were assigned aq0,

0, 0) and 48 (1/8, y, -y+1/4) respectively, three differentesitwere assigned to five
different Ge: (i) Ge 1 in 2#(3/8, 0, ¥4)), (ii) Ge 2 in (X, X, X), and (iii)) Ge3, Ge4
and Ge5 in three 96(X, y, z) sites. The complementary site GEMc) is empty.
Lattice parameters for B&n,Geysx(X = 2, 4, 6) show linear increase with increase of
Zn corresponding to the ratio of atom radii for Znd Ge (Figure 2). However no
superstructure reflections were observed in eitmamber of ternary clathrate
BagZnyGeysx (X = 2, 4, 6) and powder patterns were refined ssgftlly according to
the structural models developed by [5].

X-ray powder diffraction patterns for the series®iaZn,Gessx.y (X<1, y= 6.5, 6.6,
6.7, 6.8, 6.9, 7.0, 7.1, 7.2) were indexed as gotipo the clathrate type | structure in
the space groupm3n with the lattice parameters and EMPA data giveiiable 2.

In some cases, however, very small amounts (<2%)eo$econdary phase NiGe was
seen from EMPA. Lattice constants continuouslyease with increase of Zn and are
always smaller than the lattice parameters faZBd5e46.x and much larger than the
lattice parameters for only Ni containing Ge clatbks in line with atomic radii of Zn
and Ni Figure 2.

The powder patterns were refined successfully enbisis of the models described
for BasZn«Geys« [5]and BaNixGessx [ 6,7]. Bal and Ba2 were assigned to sites 2a
(0, 0, 0) and 6¢ (¥, 0, %2) respectively. Zn andatdims randomly occupy 6d (Y4, Y2,
0) site [5-7] and extra Zn goes to the 16i site {@hile Ge is assigned 16i (X, X, X)
and 24k (0, y, z) sites. Our previous detailed istideveal that vacancies are
completely filled at about Zhi6 atoms [2,5] and the presence of defects in th&té
can be reflected from the splitting of the 24k site 24kl and 24k2. EMPA data
also did not hint towards the vacancies therefoee@d site is considered to be fully
occupied by the Ni+Zn mixture. Due to small contiasthe scattering power of Ni,
Zn and Ge the refinement of the occupancies irfrirmaework sites and temperature
factors is not easy. Together with this fact, theoants of Ni added are very small,
therefore composition of Ni and Zn is fixed fromcnoprobe data and Ni together
with Zn are assigned to the 6d site according to [R€7]. The Rietveld refinement of
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the powder patterns is shown in Figure 3. X-ray g@empatterns for all samples were
found single phase. In order to confirm that snaatiounts of Ni (<2 at. %) really
enter lattice sites we measured elemental maphdéosamples together with EPMA.
Results show that Ni is homogenously distributetbufghout the samples with

overall compositions given in the Table 2.

5.4 Conclusion

Two series of type | clathrates &a,.Gesex (X = 0, 2, 4, 6) and BalixZnyGess.x.y
were prepared and analysed by XRPD and EMPA. Tpersiructure was confirmed
by Rietveld refinement of the powder pattern ofg@as s (S. G, la-3y4, a
=2.13107(3)). No superstructure reflections werseoled in XRPD of the other
members of the series. Lattice parameters showeaser with increase of Zn.
Substitution of Zn in the lattice is confirmed frdattice parameters and EMPA.

Table 1. Lattice parameter for ZaGess.xy y ( y= vacancy).

Nominal Lattice parameters
Composition a [nm]

BasGed 3 2.13107(3)
BagZn,Gey, 1.6870(4)
BagZn,Gey; 1.07165(3)
BagZneGeyc 1.07513(2)
BagZngGese 1.07647(3)[5]

63



64000 T r r T r r r r
: s b Space Group /a3d (a =2.13107(3)nm) 1
56000 |- : BaSGe4353 ss000 | i ]
[ * Yoo 45000 E
48000 |- = VYoos~ Yearc e super structure reflections
[ Yo 3700 | E
- ——Bragg-Positions
B 29000 = -
40000
;'\ - 21000 = -
) i
32000 13000 E
Q B .
% 5000 = ol o oo E
2 oa000 P U VT TEEEE T T
k= [ a0 F | | ]
L L 1 1.3 L L L
16000 :_ 21 25 29 , 033(°) 37 41 45 _:
8000 | .
0 —
|
-8000 [ -
16000 |'| AR 1 T 1 1 1
18 27 36 45 54 63 72 81 90 99 108
20 ()

Figure 2. Rietveld refinement of the XRPD profilé BagGey3 13 with supercell
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Figure 2. Rietveld refinement of the XRPD profile BegZns sNiGesq. Inset is the
element mapping by EDX system.

Table 2. Lattice Parameters forgZa,Ni,Gese.x.y.

Nominal EMPA at. % Formula from Density  Relative Lattice
Composition EMPA? glent? density Parameters
[nm]
Ni Zn Ge Ba

BagZns NiGesg: 1,6 11,8 71,6 15,1 B2ngNigeGesg e 5.8602 1.07484(2)
BagZns (NiGezg, 1,4 11,3 719 15,3 B2ng NigGesg 5.8447 1.07502(2)
BagZns NiGesg: 0,9 12,0 71,6 15,4 B2ng:Nig:Gesgq 5.8641 1.07497(1)
BagZns NiGesg; 1,0 11,9 719 15,2 B2ngNig:Gesg 5.8452 1.07510(2)
BagZns NiGesg; 0,7 129 71,6 14,8 B2ngg;NigCess; 5.866 1.07520(2)
BagZn; (NiGesg ¢ - 1.07540(3)
BagZns NiGesg; 1,0 13,2 70,8 14,96 Ban; Nig:Gesg: 5.870 1.07541(2)
BagZn, NiGesg 1,1 12,8 70,9 15,2 BangNigGesg 5.8403 1.07549(2)
BagZn; NiGez;c 09 12,8 71,6 14,7 Ba&ngcNig:Gesge 5.9693 1.07531(4)
BagZn, NiGes;e 09 123 71,6 15,2  B&ng Nig:Gesg e 5.8754 1.07575(2)

2EMPA data is normalized to Zn+Ni+Ge=46
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6 Ternary Systems Sr — {Ni,Cu} - Si: Phase
Equilibria and Crystal Structure of Ternary

Phases.

6.1 Introduction

Our recent systematic studies have covered phig®ns, crystal chemistry, physical and
particularly thermoelectric properties of clathraempounds in the ternary systems Ba—
M—{Si,Ge} with M=Mn, Fe, Co, Pd, Pt, Cu, Zn, Cd.-71. These investigations have also
led to the discovery of a family of superconductskyitterudites {Sr,Ba,Eu,Th,U}iGe >

[8], of a non-centrosymmetric superconductor BaP{S] as well as of several new
compounds with unique crystal structure: B8Rt [10] and EPCg/Ge (EP = Ba, Sr, Eu)
[11]. Besides these findings, further compounds have bdetovered in the
aforementioned ternary systems, which hitherto lmetdoeen completely covered by these
publications. This particularly concerns the conmmtsi with composition BaM(Si,Gg)
(M= Pd, Pt, Rh, Ir with BaNiSstype structure), BaMSi,Ge)} (M=Zn, Cd with ThCsSi,-
type structure) and Ba){Bi,Ge}x (M = Pd, Pt, Cu, Zn, Cd with AlBtype). Therefore, the
current article will provide information on the estgl structure of the above mentioned
phases in the ternary systems Ba-(Pd,Pt,Ir,Rh,CO@ASi,Ge). As there are few studies
on Sr-systems available in literature, the preseintie will report on the phase equilibria

and crystal structure of compounds in the terngsyesns Sr-Ni-Si and Sr-Cu-Si.
6.2 Experimental

All samples, each of total amounts of ca. 1g, veepared in an electric arc furnace under
Ti-gettered argon with a non-consumable tungstectelde on a watercooled copper
hearth. The purity of barium and strontium was 98#&ss%, the purity of metals (Pd, Pt,
Ni, Cu, Rh, Ir, Ge and Si) was better than 99.9%yd@n sensitive barium and strontium
were polished and weight under cyclohexane. Theyslwere remelted three times in

order to achieve complete fusion and homogeneifierAnelting, alloys were subjected to
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annealing in evacuated quartz tubes with subseguemtching in water. Alloys containing
Zn and Cd (purity was better than 99.9 %) were ameg from elemental ingots by reaction
in vacuum-sealed quartz tubes at T=800 °C for 4dajterwards the reaction products
were powdered to a particle size below 10 and compacted in cylinders by cold
pressing in a steel die prior to annealing. Alloyith SrSp and BaSi were sensitive to
moisture/oxygen and were handled with care.

Samples from the systems Sr-{Cu,Ni}-Si were anret&be 15 days at 800 °C (Ni,Cu) and
for 7 days at 900 °C (Ni). X-ray powder diffractiQdPD) data from as-cast and annealed
specimens were collected with a Guinier-Huber imglgée system (Cu—K or Fe-Ky1; 8°

< 26< 100°). Precise lattice parameters were calculayddast-squares fits to indexeé 2
values employing Ge as internal standagl€ 0.565791 nm).

Single crystal fragments, suitable for X-ray stuuet determination were broken from
samples with nominal compositions BaPdBaPtGg, BaCdGe, and SrNi,Sigx (X=2.5).
Inspection on an AXS-GADDS texture goniometer asgurigh crystals quality, unit cell
dimensions and Laue symmetry of the specimens fmi¥rray intensity data collection on
a four-circle Nonius Kappa diffractometer equippetth a CCD area detector and
employing graphite monochromated Max Kadiation @ = 0.071073 nm). Orientation
matrix and unit cell parameters for tetragonal swtmgnwere derived using the program
DENZO [12]. No absorption correction was necessagause of the rather regular crystal
shapes and small dimensions of the investigatecirapas. The structures were solved by
direct methods and refined with the SHELXL-97 attEEXS-97 programs [13].

The as cast and annealed samples were polished s&ndard procedures and were
examined by light optical microscopy (LOM) and saiaug electron microscopy (SEM).
Chemical compositions for phases were determinadaviPhilips XL30 field emission
environmental scanning electron microscope (ESEMBFEperated at 20 kV and
equipped with an EDX (Energy Dispersive X-Ray) $pmueter supported with Genesis
software (USA).

6.3 Results and Discussion
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6.3.1 Phase equilibria in the ternary systems Sr-Ni-Si ath Sr-Cu-Si.

Sr-Ni-Si. Phase equilibria at 800 °C were found to be simitathose determined after
heat-treatment at 900 °C, and therefore the preaditie reports only the isothermal
section at 900 °C (Figure 1). Three ternary compsun-Sr(NixSii-x)2 (AIBo-type), To-
SrNiSk (BaNiSn-type) and 13-SrNigxSis+x (tetragonal primitive structure related to
CeNisSisstype) were observed and all these compounds veenedfto crystallize from
liquid. Detailed information on the crystal struetuof these phases is available from
section 3.2. The homogeneity regiont@fSr(NixSi;). with AlB,-type structure extends
from 7.0 at. % Ni (x= 0.10) and continues at lagstto 16.0 at. % Ni (x=0.34); is in
equilibrium with SrSi and (Si) (as displayed from alloyzg¥i;Siss). The solubility of Ni

in SrSp was less than 0.5 at. %.

The alloy with nominal composition $Ni»Siso evidences primary crystallization of
(Figure 2a), followed by secondary peritectic fotima of 1o-SrNiSk and a monovariant
eutectic (Si)¥3 with composition SygNiz2 1Sisg4(in at. %). This eutectic disappears after
anneal at 900 °C (Figure 2b) and the equilibratéexy @onsists of three phases + 1, +
(Si). Overall composition of this alloy (®hNiissSis2.17) is slightly shifted from the
composition oft,-Sk 1Ni2eSisg o (s determined by EPMA), which explains the presen
of secondary phases (Si) and

The as cast alloy $iNi»3Sigsshows primary grains of (Si), secondary crystalioraof the
ternary compound,-SrNiSk and a three-phase eutectiGeINi17.6Si ¢5.7 (in at. %) which
is composed of, T3 and (Si) (see insert in Figure 2c¢) and tends tosan after annealing
at 900 °C (Figure 2d). A eutectic with different morphologgnd composition
S5 0Niz7.6Sis7.4 (in at. %) is observed in alloy SiNis, sSigs (Figure 2e): it represents the
monovariant crystallization of Nigiand t;. After annealing at 900C a three-phase

equilibrium is reached: (Si) + NiSt+ 13 (Figure 2f).
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Sr-Ni-Si Si o, T SrNi.Si,(AB;type)
900°C 1,— SrNiSi, (BaNiSn,-type)
T~ 8rNiy, Si,

Figure 2: Microstructure of selected Sr-Ni-Si alloya) SpoNixeSiso (as cast), b)
Sl‘zoNizoSieo 900’0, C) SﬁzNi23Si65 (as cast), d) SjNi238i65 (QOOOC), e) S[_5Ni32.5Si66
(as cast), f) SENisz25Siss (900°C).
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Sr-Cu-Si. The partial isothermal section at 800 °C is shawhigure 3. Crystal structures
of the ternary phases within the investigated casitjomal region were found to be
consistent with data in literature concernigsr(CuSiix)2 (X=0.33) ([14], AlB-type), To-
SrCuSi> ([15], ThCeSi,-type) and 13-SrCuw,Sis+x ([16], CeNsSisstype). However,
tetragonalts-SrCuw.Sis«x (0 < X < 1.0) undergoes a structural transformation intulaic
structurets’-SrCu3.,Siy (1.8 X < 4; NaZns-type; for details see chapter 3.2). Thus the as-
cast sample with nominal composition SgEi was indexed as a two-phase mixture of
tetragonal CeNisSiy stype (2a=0.81339(6) nm and ¢=1.1620(3) nm) andabaiZn s-type
(8=1.1445(3) nm). After heat treatment at 800 °Clfdrdays (i) only the tetragonal phase
prevails with lattice parameters a=0.81277(3) nmh @nl.1610(1) nm and (ii) none of the
annealed alloys reveals a mixture of cubic andgetnal structures. As a group-subgroup
relation exists between these two structure typessuggest, that both phasesSrCu.
xSlg+x and1s’-SrCuy3,Siy, are part of one continuous single-phase regid@0at°C where
the homogeneity region @§’-SrCu3.,Six extends up to 80.0 at % Cu. This composition at
800 °C was found to be in equilibrium with liquahd therefore big crystals of -SrCus.
xSk (x=1.8) and copper-based solid solution (96 attd¥n EPMA) grew during annealing
of the sample at this temperature (Figure 4a). liched crystallizes as a ternary eutectic
(insert in Figure 4a) with composition:§Cur1 1Sii2 7 (at. %).

The single phase region of~SrCuy.,Six+x With ThCrSi,-type was found to extend up to
~31.5 at. % Cu (x = 0.4). The solid solution-Sr(CuSi1x) » with AlB, type was
established to start at@.15. Rieger et al. [14] reported an Al§pe phase at x=0.33,
whereas Dorrscheidt and Schéafer [17] investigatezl region 0.28x<0.5 where they
observed a superstructure (az2ad c=2g). The composition of; in equilibrium with
(Si) and SrSi at 800°C was determined by EPMA from the alloyi&Cus 7/Sig15 This
alloy in as-cast state shows (Figure 4b) primarypddées of (Si) and a secondary
solidification oft; (9.8 at. % Cu after EPMA). A small amount of $n8as determined by
XPD but was not observed by SEM. The as-cast &8lyCuwcSiso (nominal composition)
shows the crystallization of; and 1, (Figure 4c). The last liquid crystallizes with
formation oft; and a eutectic composed ©f and (Si). After anneal at 800 the alloy

consists of three phasas, 1, and (Si).
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-Cu-Si Si 7,-Sr(Cu,Si,,), (AIB,-type)
Sr Cl;' Si 100 -StCu, Si,., (ThCr,Si-type)
800°C / ,-SrCu,Si,.. (CeNi, ;Si, - type)
1,'-SrCu,,,Si, (NaZn,,-type)

Figure 4: Microstructure of selected Sr-Cu-Si adlog) S§.1CussSip (800°C), b)
SnadClsSig1s (as cast), ¢) SiCloSiso (as cast), d) SEClessSiros (as cast), e)
Sr0CieSiso (as cast), f) S6CWoSiso (900°C).
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The microstructure of the as cast alloys @3 sSigs shows (Figure 4d) primary
crystallization of (Si) and big dendrites ©f and t3 in almost equal amounts. After
annealing the sample consists of three equilibriphases: (Si),1> and 13. Joint
crystallization oft; and 13 along with a small amount af is observed in as-cast alloy
SrCuweSiyo (Figure 4e). When equilibrated at 80G the sample consists of the same
phases but with significantly changed volume fiatdi (Figure 4f).

Data on composition and lattice parameters for ghasexisting in equilibrium in

the ternary St (Ni,Cu)-Si systems are listed in Table 1.

Table 1: Three-phase equilibria and lattice parametor S+Ni—Si (900°C)
and S+Cu-Si (800°C) systems.

Phase Region Phase Composition by EPMA Lattice Parameters
in at. %
Sr Ni/Cu Si a (hm) ¢ (nm)
Sr—Ni-Si
(Si)y+SrSp+1;, (Si) - - - 0.54318(2) -
SrSp - - - 0.65370(3)
1, 32.7 8.3 59.0 0.40564(4) 0.47039(4)
(Si) - - 100.0 0.5430
(Si) +14+ 1, T, 33.7 7.0 59.3 0.40567(3) 0.46952(7)
1, 20.1 19.7 60.5 0.41958(3) 0.97915(7)
(Si) +12+ 13 (Si) 97.4 15 11 0.54308(2) -
1, 19.7 19.8 60.5 0.41935(5) 0.9793(1)
13 7.1 42.0 50.8 0.78526(4) 1.1202(2)
(Si) + NiSi+ 13 (Si) 100.0 - - 0.54303(3) -
NiSi, 1.7 34.5 63.8 0.54071(4) -
13 7.7 43.1 49.2 0.78596(5) 1.1216(2)
Sr-Cu-Si
(Si) + SrSj+1;,  (Si) - - 100.0 0.54310(6) -
SrSh - - - -
1, 33.3 9.8 56.9 0.40759(3) 0.47085(7)
(Si) - - 100.0 -
(Si) +14+ 1, T, 33.3 15.6 51.1 0.41079(4) 0.46255(7)
1, 20.0 31.3 48.7 0.41871(5) 1.0022(2)
(Si) +1,+ 13 (Si) - - 100.0 0.54292(3) -
1y 20.0 33.8 46.2 0.41881(1) 1.00267(8)
13 7.1 58.9 33.9 0.8052(2) 1.158(4)
Tyt Tot+ Tz T, 33.3 171 49.5 0.41136(2) 0.46228(7)
1y 20.0 36.7 43.3 0.41944(8) 0.9979(2)
13 7.1 62.2 30.7 0.80994(7) 1.1607(2)

6.3.2 Crystal structure of ternary phases.

73



Data on the crystal structure of ternary phasessjestems Sr-Cu-Si and Sr-Ni-Si are
summarized in Table 2. The table compiles alsormédion on isotypic compounds in
ternary systems Ba-M-(Si,Ge). All listed compoubésong to three structural families (i)
hexagonal AlB-type, (ii) tetragonal BaAltype (ThCpSi; and BaNiSp structure types)
and (iii) cubic NaZms-type (and tetragonal derivative structure typesNigsSi,zs and
SrNigxSis+x). Results of the refinements for x-ray single taysand powder diffraction
intensities for these compounds are listed in TaBland 4 showing fine agreement with

the assigned prototypes.

6.3.2.1 Ternary compounds with AIB, — type structure (ty).

Despite no binary compounds Sr(Si,&@d Ba(Si,Ge)are known with AlB-type, this
structure type is frequently observed in ternarstayns (Sr,Ba)-M-(Si,Ge) (Table 2). A
small addition of a third element may stabilizesthtructure type that appears to be very
abundant, particularly in ternary systems with $Hvidence on an enhanced
thermodynamic stability of AlBtype phases; in ternary systems Sr-(Ni,Cu)-Si follows
from the observation of primary crystallization€der example Figure 2a) and congruent
formation from liquid. The crystal structure QfSr(CuSii«x)2 (x=0.15) is confirmed from
Rietveld refinements as a simple AlB/pe as no un-indexed x-ray reflections that may b
attributed to superstructures were observed. Homeve do not exclude the existence of
the superstructure for higher values of x, as reoby [17]. Lattice parameters for the

ternary phases with AlBtype agree well with values reported in literature

6.3.2.2 Ternary compounds with the BaNiSna-structure type (T2).

Single crystals isolated from melted alloys witlmgamsitions BaPdGa&nd BaPtGegreveal
body centred tetragonal unit cells. Structural sohs performed by direct methods were
not successful in the highest possible SI4Bnmm however, the structures were resolved
in the non-centrosymmetric subgroldpnm Four independent atom positions were found
which agree well with the group-subgroup schemiénBarnighausen formalisfh8, 19].
Germanium atoms adopt two crystallographically petedent sites 2a (0, 0, z) and 4b (O,
Y%, z), Pd(Pt) atoms solely occupy the 2a site (@) Gully consistent with atom order of
the BaNiSa-type [20]. Single crystal refinement data for B&Rgland BaPtGgare listed
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in Table 4 and are consistent with results of [@t]|BaPtGg X-ray Rietveld refinements
for BaPdSi, BaPtSi, BaRhGe, BalrGe, SrNiSg, found in corresponding ternary systems,
confirm isotypism with the BaNiSftype (Table 4).

Interatomic distances for all these compounds agedewith the sum of atomic radii for
exception of relatively short bonds M-Gel(Sil) aMiGe2(Si2) (Table 3). Such
observation for BaPtGewas attributed [21] to strong Pt-Ge interactiomweéver, such

“short” distances are typical for almost all bindyGe and M-Si compounds [22].

6.3.2.3 Ternary compounds with the ThCr,Si-structure type (12).

Inspection of a single crystal, isolated from mel&ample with nominal composition
BaCdGe, reveals a body centred tetragonal unit cell. Gtmal solution by direct
methods in the highest possible symmetry (S. Gadih) yielded three independent atom
positions. For Ba-atoms in 2a (0, 0, 0), Cd in @d¥4, %) and Ge in the 4e (0, 0, z) sites,
the structure successfully refines tg;R 0.021 and a residual electron density /43
(seeTable 3). X- ray Rietveld refinement for BaBmn, confirms isotypism with ThGSi,
type (see Table 4).

The only free atom parameters ~0.38 < z < ~0.3@imbination with ratios (2.3 < c/a <
2.5) for compounds BaG@e, BazZnSi, BaZnGe, and SrCu,Sik.x fit to the range
observed for the majority of Th&3i, type compounds [23] and were suggested to enable
short Cr-Si ad Si-Si distances as also observed®&2dGe,, BaZnSi, BaZznGe,, and
SrCWxSip+x.
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Table 2: Crystal structure for selected ternary goumds in A-T-M systems
(A= Sr, Ba, T= Ni, Cu, Pd, Pt, Zn, Cd, Rh, Ir and4i, Ge).

Compound

Lattice Parameters [nm]

a

C

Method Reference

ThCr ,Si-structure type (I14/mmm)

BaCdGe 0.46735(6) 1.1448(1) SC This work
BaznGe, 0.45390(3) 1.05279(6) PD This work
0.4527(2) 1.0555(3) SRRS [26]
BaznSi, 0.4497(2) 1.02049 SC This work
SrCSip+x 0.41907(4) 1.0031(2) PD [15]; x=0
0.41881(5) 1.00267(8) PD [This work]; x=0.3
BaNiSn; -structure type (14mm)
BaPdGe 0.45508(4) 1.03649(5) SC This work
BaPtGeg 0.45638(8) 1.0231(1) SC This work
0.45636(2) 1.02341(6) SC [21]
BaPdSi 0.43963(3) 1.0186(2) PD This work
BaPtSk 0.44079(2) 1.0017(2) PD This work
BaRhGg 0.45240(3) 1.0274(2) PD This work
BalrGe 0.45406(1) 1.02132(1) PD This work
SrNiSk 0.41958(3) 0.97915(7) PD This work
AlIB; -structure type (P6/mmm)
Ba(PdSiix).  0.41950(3) 0.49594(9) PD x= 0.17; This work
Ba(PLSiix)2 0.41606(4) 0.50150(5) PD x= 0.15; This work
Ba(CySiix),  0.41520(8) 0.5058(2) PD x=0.19; This work
0.4117 0.5019 PD x=0.1; [14]
Sr(ZnSiiy)» 0.41639(5) 0.46787(6) PD This work
Sr(NixSii )2 0.40564(4) 0.47039(4) PD x=0.102: This work
0.4069 0.4663 x=0.25; [27]
Sr(CuSiyx)2 0.40759(3) 0.47085(7) PD x=0.15; This work
0.4108 0.4625 PD x=0.33; [14]
0.824(1) 0.921(1) SC  0.2%x<0.5;a=2a, c=2c,
Ba(CyGey,), 0.4309(2) 0.4965(4) PD x:O.[2197;]This work

0.4616; 0.4312

0.4700; 0.4907

x=0.33; 0.50; [14]

NazZn;srelated structure types (for details see table 5ral 6)

SrCu3.,Siy 1.15789(8) - PD x=3.6; This work

SrCuSizx 0.8146(1) 1.1629(2) SC x=0; [16]
0.80722(6) 1.1579(3) PD x=1.0; This work

SrNig.Sigx 0.78998(3) 1.1337(2) SC Xx=2.7;This work

D sc- single crystal; PD — powder diffraction; SRRSSynchrotron Radiation Resonant Scattering
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Table 3: X-Ray single crystal data for BaPgGBaPtGe and BaCdGe, standardized with program
Structure Tidy[28]. (radiation: MoKx; 20 range (°) = 220<70; w-scans, scan width 2° =150 sec/frame;
Total number of frames & sets=411 & 8; Anisotrogisplacement parameters [in*hér]).

Parameter/compound BaPdGe BaPtGg BaCdGe
Space Group 14mm 14mm 14/mmm
Composition from EPMA Ba (Pdho Geso ¢ Bayg P1o.:Ge50 ¢ -
Composition from refinement BaPtho.(Geso.c Bayy (Pho (Geso ¢ Bayg (Cdig (Geyo
Formula from refinement BaPdGe3 BaP3Ge BaCdGe
a, c[nm] 0.45508(4), 1.03649(5) 0.45638(8) , 1.0231(1) 0.46735(6); 1.1448(1)
M ape [mmiY] 33.56 62.49 27.77
V (nnt) 0.2146 0.2131 0.25004
& (gem?) 7.1434 11.6013 6.739
Reflections in refinement 340240(F,) of 341 32&40(F,) of 324 20240(F,) of 208
Mosaicity <0.5 <0.6 <0.5
Number of variables 15 15 9
Re? = Z|F?-F /2 F? 0.014 0.016 0.021
Rint 0.06 0.07 0.06
wR2 0.033 0.039 0.058
GOF 1.106 1.171 1.155
Extinction (Zachariasen) 0.026 0.019 0.024
Residual density &% max; min 1.10; -1.80 1.96; -2.06 1.53; -2.27
Atom parameters
Bain 2(0, 0,2);z 0.60480(2) 0.59989(6) Ba ira@, 0, 0)
U11= Uy Uss 0.0078(1); 0.0074(2) 0.0048(2); 0.0058(3) 0.02020.0169(3)
M(Pd/Pt) in &(0, 0,2); z 0.24991(6) 0.24690(3) Cd in@®, 1/2, 1/4)
U11= Uy Uss 0.0074(1); 0.0073(2) 0.0039(1); 0.0047(2) 0.02%30.0163(3)
Gelin 4(0, 1/2,2); z 0.35681(6) 0.35324(9) Ge i@, 0,2, 0.38741(6)
Uiy, Uz Usa 0.0118(2); 0.0073(2); 0.0070(2) 0.008(3); 0.03320.0059(3) 0.0113(2); 0.0118(3)
Ge2in 2(0,0,2;z 0.0000(1) 0.000(2) -
U11= Upg; Usz 0.0092(2); 0.0086(3) 0.0056(3); 0.0069(4) -
Interatomic distances [nm] Standard deviatiog0.00004
Ba - 4Ge2 0.3403 0.3385 Ba- 8Ge 0.35503
-4Gel 0.3432 0.3399 -8Cd 0.36947
-4Gel 0.3466 0.3457 Ge- 1Ge 0.25776
-4M 0.3558 0.3565 -4Cd 0.28178
-1M 0.3672 0.3602 - 4Ba 0.35503
Gel- 2M 0.2537 0.2525 Cd- 4Ge 0.28178
-2Ge2 0.2721 0.2729 -4Cd 0.33081
-4Gel 0.3227 0.3227 - 4Ba 0.36947
-4Ba 0.3432 0.3399
Ge2- M 0.2579 0.2539
-4Gel 0.2721 0.2729
-4Ba 0.3403 0.3385
M- 4Gel 0.2537 0.2525
-1Ge2 0.2579 0.2539
-4Ba 0.3558 0.3565
-1Ba 0.3672 0.3602
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6.3.2.4 Ternary compounds with the structure types relatedo NazZn3 (13).

Although binary BaCis with cubic NaZnstype is known [22], no binary Sr-Cu
homologue exists. The ternary system Sr-Cu-Si, leweeveals the formation of a cubic
ternary phasas’-SrCus.,Six for 1.8<x<4 (see Figure 3). Rietveld refinemenhfams
structural identity with the NaZgtype (see Table 5). At a silicon content ofx4 this
phase undergoes a structural transformation inteagenal 13-SrCuw.,Siz+x With the
CeNigsSiy 5 structure, which was already earlier establish@dx=0 from x-ray single
crystal data [16]. The homogeneity regiontgSrCuw.Sis« at 800 °C extends up to x=1.0.
In order to establish the atom site preferencessilazon-rich compositionsf 13-SrCuw.
xSlg+x, We performed x-ray Rietveld refinement for alleith nominal composition x = 1.
These refinements reveal that the 4d site (occupyedu at x=Q is completely substituted
by Si atom resulting in a composition SgGBis.x (x=1.0; R=0.054; R=0.078; Table 5).

An X-ray diffraction spectrum similar to tetragoratCuw.,Sis+x iS also observed for the
ternary phases in the Sr—Ni—Si system (Figure 1). However, thex-{profiles for single-
phase compositions (Figure 5) contain a set ofecafins that do not belong to the
CeNisSisstype structure (SA4/mcen). These reflections may be indexed in a primitive
tetragonal unit cell. Single crystal fragments talkem samples within the homogeneity
region ofts confirm a primitive tetragonal structure with le¢ parameter & 0.79 nm and

¢ = 1.13 nm, but in most cases twining along theaxis was observed. Analysis of the
extinctions observed for an untwinned crystal=(@®.79 nm and & 1.13 nm) yields

P4/nbmas the highest possible symmetry
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Table 4: X-Ray powder diffraction data for ternary compdsarof (Ba, Sr-M-X, (M=Rh, Ir, Pd, Pt, Ni, Zn, X= Si, Ge) with BaNigand ThC;Si,-

type standardized with progra@tructure Tidy{28].

Parameter/compound BalrGe BaRhGg BaPdSj BaPtS;i SrNiSk BazZn,Si,
Space group, Prototype 14mm BaNiSn 14mm BaNiSn 14mm BaNiSn 14mm BaNiSn 14mm BaNiSn 14/mmm ThCLSi,
Composition, EMPA at.% - - BaPtho G6s0.0 Bayg P1o.55is0 1 -

a ; c[nm], Ge standard 0.45406(1): 1.02132(1)  0.4524Q(B274(1) 0.43963(3); 1.0186(2)  0.44079(2); 10@) 0.41958(3); 0.97915(7) 0.4497(1); 1.02049
Reflections measured 53 52 50 48 43 51
O range 820<100 &20<100 &20<100 &20<100 &20<100 &20<100
Number of variables 18 24 24 28 24 24
Re = Z|F,-Fd/2F, 0.062 0.057 0.030 0.072 0.045 0.048
R = Zlg-1d/Zlo 0.093 0.085 0.046 0.084 0.087 0.062
Rur=[ZWilYoirYeil/ZWilyoil] 0.071 0.057 0.074 0.086 0.073 0.056
Re = Z|YoiYeilZIYol 0.052 0.044 0.050 0.063 0.047 0.040
Re = [(N-P+C)Ewy?,)] % 0.027 0.014 0.022 0.019 0.021 0.030
X2 = (Rup/Ro)? 7.13 16.3 11.3 21.3 12.3 3.41

Atom parameters
Ba/Sr in 2a(0, 0z); z 0.5881(2) 0.5897(2) 0.6156(4) 0.5991(9) 0.5984(5) Bain 21 (0, 0, 0)
Biso (107 nnt) 0.66(3) 0.14(4) 0.62(4) 0.37(6) 0.29(3) 0.9(2)
M in 2a (0, 02); z 0.2385(2) 0.2392(2) 0.2607(4) 0.2477(9) 0.2413(4) Znin 4d (0, %, Ya)
Biso (107 nnt) 0.55(2) 0.44(4) 0.06(4) 0.13(4) 0.77(7) 1.1(2)
X1in 2a(0, 02); z 0.0000(2) 0.0000(3) 0.0000(4) 0.000(2) 0.0000(7)  Siin 4e (0, 0, 0.3807(1))
Biso (107 nnt) 1.43(6) 1.52(6) 1.0(1) 1.0(2) 1.7(1) 0.5(3)
X2 in 4b(0, %2); z 0.3442(3) 0.3442(3) 0.3702(6) 0.356(1) 0.3530(5)
Biso (107 nnt) 1.05(4) 0.53(3) 0.48(5) 0.8(1) 0.78(5)
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Structure solution via direct methods (Table 6)esds an atomic arrangement similar to
that for SrCy¢Si, (SG,14/mcn), but with the difference that two 16l sites wéyand to be
split into 8 fold positions (S@4/nbm) with almost complete atom order (Figure 5 and 6).
Refinement of the individual occupancies of all Wi positions and temperature factors
suggested a statistical distribution of Ni and t6nas in sites 16n and 4h resulting iR
0.036 and residual electron densities 1.24,and-€/A°%. Only the occupancy of Si2 in the
8m site was found to be below 1.0. As substitutbabout 6% Ni in this site does neither
significantly change the fg#value (0.034) nor the anisotropic atom displacamen
parameters, complete ordering was kept for thés sit

Although the structural solution obtained from #uegle crystal refinement describes very
well the powder pattern for x=2.7 (Figure 5), powreay intensities significantly change
for higher silicon contents due to changes in atrder. In order to investigate the site
preference for the Si-rich boundary of, Rietveld refinement was performed for an alloy
with nominal composition $ENi41.6Sisy (containing less than 5 % of secondary Si).

Rietveld analysis reveals a very small electronsdgnn the 4h site (M2) in as cast state
that corresponds to 0.55 Si atoms and a formulais@8W¥ o9, Whereas profile
refinement of the annealed sample forced a compistppearance of Si from the 4h site

(SrNis sSig 5001, Table 6). The removal of the 4h site is also kdcky the interatomic

distances which become very small for SHSis 3009 (dwz-si = 0.20421 nm and d

ni=0.21043 nm) and finally for SriiSis sC01 dviz-si =0.19770 nm andsgy; =0.18557 nm.

Although such deficiency has not been reportedipusly in any ternary variant of the
NaZnstype or CeNisSisstype, a partial occupancy for the correspondingsiBe was
recently established (see Figure 6) for binary ABZ(AE=Ca, Sr, Ba) [24] and EuZ#y
[25] (x = 0.25).
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Table 5: X-Ray powder diffraction data for SrguSix and SrCu.xSis+; anisotropic

displacement parameters /temperature factors gté’imt)

Parameter/compound SrCui3,Siy SrCug.,Sigx
(x=3.6) (x=1)

Prototype NaZp CeNgsSisgs

Space group Fm3c 14/mcm
Composition, EMPA at. % Sr7.1CU1.7Siz1.2 Sr7.1CUs2.8Sk0.1
Composition, refeinment at. % St7.1CUs3 8520, St7.1CUs7.1Skss 7

a ; c[nm], Ge standard 1.15789(8) 0.80722(6); 1.1579(3)
Reflections measured 51

© range &26<100 &206<100

Number of variables 27 21

Rr = Z|F,-Fo|/EF, 0.037 0.054

R, = 3|l 1|zl 0.045 0.078
Rup=[EWilYorYeil /2 wilyoilT ™ 0.061 0.059

Re = Z|Yoi-Yail Z Yol 0.040 0.043

R = [(N-P+C)Ewyo)] 0.017 0.02

X’ = (Ru/Re)’ 13.2 9.04
Atom parameters

Sr Sr8a (1/4, 1/4, 1/4); 4a (0, 0, 1/4)

Biso 0.17(4) 1.28(4)

M1 96i (0, 0.11875(4), 0.18069(4)) 16k (0.0594(1), 0.2084(2), 0)
Bico 0.60(3) By, =1.93(4)

Occ. 0.678 Cu + 0.322 Si 1.0 Cul

Cu2 - 161 (0.6214(1), 0.1214(1), 0.1806(1))
Biso - 1.75(4)

Si1 - 161 (0.1726(3), 0.6726(3), 0.1149(3))
Biso 1.93(8)

M2 8b (0, 0, 0) 4d (0, ¥, 0)

Biso 0.67(5) 1.3(1)

Occu. 0.802 Cu + 0.198 Si 0.99(3)Si

The group-subgroup relation among several structamants of fcc-NaZpy has been
shown in terms of a Barnighausen tree [18, 19Pbitgen and coworkers [26, 27, 28]. A
new branch from CeliSiss (S. Gl4/mcn) leading to SrNi,Sis (S. G.P4/nbn) via a
klassengleicheymmetry reduction of index 2 is shown in Figure 6
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Figure 5: Rietveld refinement of the X-ray powdéfrdction profile for SrNg.xSis+x
(space groupgr4/nbm) in comparison with Bragg positions for space gréd/mcm.

Prominent reflections of primitive cell are markegblue dots.

_ Na: 8a | Zn: 8b | Zn: 96i
F4/m32/c 432 | 4. m..
Y4 0 0
NaZn,; Y 0 |01192
| Ya 0 0.1806
t(3)
1/2(a-b),1/2(a+b), ¢
1/4,1/4,0
L\ 4 ¥
Ce:4a |Nit+Si:4d|Ni:16k | Si:16/ | Ni:16/
14/m2/c2/m 422 |m.mm| m.. ..m ..m
: : 0 0 0.0691 | 0.1700 | 0.6294
CeNi,Si, 0 Yoo | 02024 | x+% | x+%
I Y 0 0 0.1180 | 0.1832
k(2)
1/4,1/4, 1/4
Sr:2a Sr:2b | M2:4h |M1:16n | Ni: 8m1 Si: 8m2 Ni: 8m1 Si:8m2
P4/n2/b2im | 422 | 422 |2.mm 1 .m
: : Va Vi % 0.0549 0 4242 0 4194 0 6224 0 6293
SINI, St |, v vo 01894 - x x x
0 Vs 0.2499 | 0.2513 | 0.1213 | 0.3698 | 0.4283 | 0.0782

Figure 6: Group-subgroup scheme in Barnighausendtism for NaZns (Fm-3c) to
SrNigxSig+x (P4/nbm).
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Table 6a: X-Ray single crystal and powder diffractdata for SrNi,Sis+x (X=2.7)
and SrNisSiss 1 standardized with progranstructure Tidy[31]. (Anisotropic
displacement parameters [in“hfr]). SrNissSics 1

Parameter/compound SrNig,Sigy (X=2.7) SrNi5sSis5 1
SC XPD
Prototype SrNLSissy SrNigxSiasx
Space group P4/nbm P4/nbm

Composition, EMPA at.%
a ; c[nm], Ge standard
Reflections measured

© range

Total number of frames
Number of variables
Mosaicity

Re? =X |F>-F|2F,

Rint

wR2

GOF

Extinction

Residual density &% max; min
Atom parameters

Srlin & (1/4, 1/4, 0); Occ.
U11=Uz2Us3/ Biso

Sr2in 2b (1/4, 1/4, 1/2); Occ.
U11=U;2U33 /Biso

M1 in 16n (X, Y, 2); X, Y, Z
Uig; Uz

Usz; Uzs

Uiz Uz

Occ.

Nil in 8m (X, -X, 3; X, Z Occ.
U11=Us2Us3

Uzz=-UigUs

Sil8m (X, -x, 3; X, Z Occ.
U11=U22;U3s

U=-Ui3U1p

Ni2 in 8m (X, -x, 3; X, Z Occ.
U11=UzUs3

Uza= -Ui5Us2

Si2in 8m (x, -X, 3; X, Z Occ.

U11=UypUs3

Uzs= -UizUpp

M2 in 4h (34, Y2); z
U11:=UpUss Uso
Occ.

Sr7.4Nisp Sigo.2
0.78998(3); 1.1337(2)
595>40(F,) of 929

&20<70; 250 sec/frame
397; 9 sets
47
0.62
0.036
0.079
0.086
1.008
0.000
1.24; -1.66

1.01(2)

0.0081(3); 0.0082(4)
1.00(1)

0.0083(3); 0.0087(4)

S17.1Nige Siss 5
0.78528(5); 1.1213(1)

219
<20<100

34
R: = 3|R,-F/ZF, =0.074
Ry = 2|l,-IJ/z1, =0.084
Rup=[ZWi|Yoi-Yeil7ZWiyoi '] *70.048
Re = Z|Yoi-Yeil/Zlyoi|=0.034
Re = [(N-P+C)Ewiy’,)] *= 0.017
X% = (Ru/Re)*= 7.78

1.4(1)

0.6(2)

0.05489(8), 0. 18943 (8), 0.25131(6) 0.0518 (3), 0.1913 (3), 0.2511(3)

0.0141(3); 0.0099(3)

0.0131(3); 0.0002(3)
0.0018(3); 0.0024(2)

0.493(3)Ni + 0.507(3)Si
0.42424(6), 0.12135(7); 0.99(2)
0.0132(2); 0.0229(4);
0.0021(2); -0.0023(3)
0.4194(1), 0.3698(1); 1.01(2)

0.0129(4); 0.0135(7)
0.0029(4); -0.0053(5)

0.62236(6), 0.42835(7); 0.99(2)

0.0139(3); 0.0167(4)

0.0006(3); -0.0013(3)
0.6293(1), 0.0782(1); 1.01(2)

0.0159(4); 0.0177(8)
0.0005(4); 0.0034(6)
0.2499(2)
0.0138(5); 0.0127(8); -0.0008(6)
0.320(4)Ni + 0.680(4)Si

B8=1.03(6)

0.381(2)Ni + 0.619(2)S
0.4186(4), 0.1258(3
Biso :259(7)

0.4194(7), 0.3682(5)

B=1.39(9)
0.6260(4), 0.4357
Biso =243(7)

0.6256(6)861(5)
Biso :140(9)
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Table 6b: Interatomic distances for Sgdis.x (x=2.7)
(standard deviation >0.00005).

Srl-  -8Nil 0.32145 -Sil 0.25289
-8M1 0.32497 -Ni2 0.25687
-8Sil 0.32868 -Ni2 0.25858

Sr2-  -8Ni2 0.32273 -mM1 0.27305
-8Si2 0.32685 -Srl 0.32497
-8M1 0.32769 -Sr2 0.32769

Nil- -2Sil1 0.23373 Mz2- -2Sil 0.23303
-2Sil 0.24625 -2Si2 0.23687
-M2 0.24777 -2Ni2 0.24327
-2M1 0.25053 -AM1 0.24565
-2Nil 0.25901 -2Nil 0.24777
-Nil 0.28539 Si1- -M2 0.23303
-2Srl 0.32145 -2Nil 0.23373

Ni2-  -M2 0.24327 -2Nil 0.24625
-Si2 0.23404 -2M1 0.24998
-2Si2 0.24177 -2M1 0.25289
-M2 0.24331 -Ni2 0.28183
-2M1 0.25687 -25r1 0.32868
-2M1 0.25858 Si2- -Ni2 0.23404
-Si2 0.23448 -Ni2 0.23448
-2Sr2 0.32272 -M2 0.23687

M1- 2M1 0.22830 -2Ni2 0.24177
-M2 0.24565 -2M1 0.24915
-Sil 0.24998 -2Sil 0.26032
-Si2 0.24915 -Sil 0.26952
-Nil 0.25053 -2Sr2 0.32685

Atom arrangements in body centred and primitiveagginal unit cells along b- axis and
along c-axis are compared in Figure 7 and 8. éiasy to see that the atom arrangement in
both structures is similar and a primitive supdt isethe result of the splitting of two 16l
sites. In going fromi4/mcmto P4/nbmthe mirror plane perpendicular to the 4-fold asis
changed to a diagonal glide plane n normal to th&is (see Figure 8). The 4-fold axis

with inversion centre located at Srajdn 14/mcmchanges to a 4-fold axis located at Sr

atoms (2a and 2b) and located at M2 (4h) (origin choice 2 dotted) white inversion
centre stays (Figure 8a). Polyhedra around Sr aethlnatoms are similar to those in

CeNigsSiy s-type with little distortion Figure 7b and c.
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b) Sr,[8Ni,8M,8Si,] c) Si,[1M,4Ni,4M,1Ni,2Sr,]

Figure 7: a) Crystal structure of SgNBis+x (Space groupP4/nbm) in three-
dimensional view. Anistropic thermal displacemeintsn single crystal refinement.
b) Polyhedra around Srl c) Polyhedra around Si 1
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0 Cu1/Ni1
) @ Ni2
O Cu3/M2
@ Cu2/M1
QD Si
Q Si2

Figure 8: Comparison of atom arrangements in &8y (space group4/mcm)
and SrNi.Sis+x (Space group4/nbm) along c-axis a) and along a-axis b).

6.4 Conclusion

Phase relations in the Sr-poor regions of the Byst8rNi—-Si (at 900 °C) and SCu-Si
(at 800 °C) were derived by x-ray diffraction, LORhd EPMA. Two new ternary
compoundst,-SrNiSk (BaNiS,s-type), 13-SrNigxSis+x (own type) along with previously
reported 1:-Sr(NikSi;)2 (AlBo-type) take part in the phase equilibria in-Sr—Si. The
structure oftz SrNigxSis+x (OWN type) was solved by x-ray single crystal as@lyand was
found to be a primitive tetragonal variant of NaZtype with S. GP4/nbm At higher Si-
concentration defects are formed in the structdr&mNis«Sis+x. Three already known
ternary compounds;-Sr(CuySii)2 (AlB2-type), 1-SrCbhSix+x (X=0.16-0.44; ThGSi,-
type), T3-SrCu.xSis+x(CeNigsSisstype) in SrCu-Si were confirmed. Compositional
polymorphism was observed for SrGuSik (1.8x<4) (NaZnstype) and SrCynSisx
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(0=x<1.0) (CeNgsSizstype). Structural details were provided for numesronew
compounds in the related systems Ba-M-X (M=Pd{Rt,Zn, Cd, Rh, Ir; X=Si, Ge).
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7 Crystal Structure of EPCos.Gey (EP=Sr, Ba, Eu)

7.1 Introduction

As part of a systematic investigation of T-metabditution in thermoelectric
clathrates we have recently studied the phaseaesainvolving the clathrate type |
and clathrate type IX phases, sBzGess...y and BaTxGes.x, with T = Mn, Fe, Co
[1]. Particularly the system Ba-Co-Ge has beenistuearlier [2, 3] on alloys
BagCoGessx (X = 0, 4, 6) annealed at 700°C and two superccmay transitions
(type Il superconductors) were reported for x=U&t=10 K and 4 K, but Co-doping
(BagCoGessx-yy; X = 4, 6) was said to suppress the 4 K transitiompletely and to
reduce the dc from 10 to 7 K [2, 3]. Investigated BaoGess.x alloys, however,
were claimed to be multi-phase ((Ge) + unknown pHasx=0 and (Ge) + CoGe
unknown phase for x= 4 and 6), but neither conthiaeclathrate phase nor BaGe
(the latter phase superconducts belaw=#.93 K). Our isothermal section covering
phase equilibria at 800°C around the two clathpatses in the Ge-rich region of the
Ba-Co-Ge system showed the existence of only amarg compound labelled at

a composition Bg 0301665300 (from EMPA in at. %) without a sizeable
homogeneity region [1]. It is therefore the aimtlo¢ present paper (i) to elucidate
the crystal structure of the-phase and to investigate formation isotypic conmaisu
with Sr and Eu.

7.2 Experimental

Alloys with a weight of 1-2 grams were preparedaogon arc-melting (weight loss
less than 0.1 %) on a water-cooled copper heariirgettered argon from elemental
ingots with minimal purity of 99.9 mass %. A single/stal fragment, suitable for X-
ray structure determination was broken from annaetted sample with nominal
composition BagCoz0.456526 Which had been vacuum-sealed in a quartz tube and
annealed for 14 days at 700-900°C prior to quernchircold water. Inspection on an
AXS-GADDS texture goniometer assured high crystadlidy, unit cell dimensions
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and Laue symmetry of the specimens prior to X-ratgnsity data collection on a
four-circle Nonius Kappa diffractometer equippedhwa CCD area detector and
employing graphite monochromated MoKadiation g4 = 0.071073 nm). Orientation
matrix and unit cell parameters for a cubic systeene derived using the program
DENZO [4]. No absorption correction was necessagabise of the rather regular
crystal shape and small dimensions of the investtgapecimen. The structure was
solved by direct methods and refined with the SHEIY and SHELXS-97
programs [5].

X-ray examination of polycrystalline materials waesformed at room temperature in
a Guinier-Huber X-ray camera with an Image Plateomding system (Cuk)
employing an internal standard of 99.9999 mass% ®&ir(g;i = 0.5431065 nm).
Quantitative Rietveld refinement of single-phasegias was performed by means of
the FULLPROF program [6]. As cast and annealed $ssnwere polished via
standard procedures and have been examined byloptetallography and scanning
electron microscopy (SEM). Specimen composition wasermined by Electron
Probe Microanalysis (EPMA) on a Carl Zeiss DSM @@rument equipped with a
link EDX system operated at 20kV and |6A.

7.3 Results and Discussion

Micrographs show that the ternary compound BaGa, (t1) forms incongruently.

In the cast alloy BaCos0.4G6es2.6 (See Fig.1) primary crystals of CoGe (black phase)
are surrounded by the gray phagethe last portion of liquid solidifies as clatredt

(k; = white phase). After annealing at 800°C the samgpla single-phase ternary

compound BaCp/Ge (compare inset in Fig.1).
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Figure 1. Micrograph of alloy BaCos0.4Ges26 as cast (main BSE-image), annealed
at 800°C (inset)

7.3.1 Crystal structure of BaCos.xGeg (X=0.29).

Systematic extinctions (hk0) extinct for h=2n+1 40kl) extinct for k#=2n+1, lead
to Pnma,as the highest symmetric space group, for whickrdehation of the atom
arrangement was successful via direct methods liegekb independent atom sites in
the unit cell. Search for higher symmetry (progrRiPATON) did not retrieve any
further symmetry elements. Differences in X-raytsrang powers of Co- and Ge-
atoms are sufficiently large to elucidate atom siteupation. Including Co5-atoms,
for which a partial occupation (71%) was obviousirthe large atom displacement
factor (ADP), a fully ordered atom arrangement istamed, which refines
successfully to low residual values,R= 0.025 at very small residual electron
densities < |2800[/am’® employing anisotropic thermal displacement facforsall
atoms. Occupancies of all crystallographic sitesewefined but except for Co5 did
not reveal any significant deviations from full apation. Refinement yields a
formula BaCa/Ge (Bas sC0s2.Ges1.2in at.%)in good agreement with single-phase
bulk samples for which EMPA gives a compositionan% Ba gC0z1Ges31 (=
BaCaq 4G 27). Results of the structure determination are disite Table 1. The
crystal structure of BaGgeGe is presented in Figure 2 in a three-dimensionalvvie
along the [001]-axis. As a main structural feattwe infinite walls per unit cell are
formed by non-regular pentagonal prisms, whichstaeked along their pentagonal
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faces and linked along their lateral faces. The watls with lateral faces parallel to
the b-axis are running along the a-axis and arsebfty a vector b/2. Pentagonal
prism columns made of Ge-atoms — each prism cebiredBa-atom — alternate with
a similar pentagonal Ge-column, each pentagonahpriow centred by a Gel-atom.
Whereas the pentagonal prism is the co-ordinaiguréd for the large Ba-atoms, the
next nearest neighbours of Gel are three Co-atarptanar coordination. The two
walls (offset by a vector b/2) are linked by nomited non-regular octahedra
[GesCoy], which are all edge connected and form rows akhegwalls in b-direction.
At the cell edges at 000 we see a set of nestethg@dia running parallel to the b-
axis.

Coordination polyhedra in the structure are showrkigure 3. Coordination figures
around all Co atoms are very similar and can berdes] as distorted tetragonal
antiprisms with one additional atom in case of @ad two additional atoms for Co2,
Co3, Co4 and Co5. Similarities were also foundtlha coordination figures of Ge2,
Ge3, Ge4, Ge5 and Ge8. In these cases next neamgdination is formed by three
cobalt atoms whilst seven germanium atoms areddcat somewhat higher distance
from the central atom (Table 1c).

The trend among the shortest interatomic distamte3aCaq /G& dges-ces(0.2707
nm) > cos-cos (0.2646 NnmM) > ghs.ced0.2371 nm), suggests strong Co-Ge bonding
(see Table 1c). As a consequence cobalt atoms DoB&e are exclusively
coordinated by germanium next nearest neighboumstdSimilarly the closest
coordination figure of Ba does not include cobédinas. The distancesgce= 0.23-
0.24 nm observed in Bag#se agree well with those reported for binary cobalt
germanides: 0.234 nm for CoGe (CoGe- and FeSitsmeidypes), 0.239 nm for
Co,Ge and CgGer (CoSi — and CegGer-types, respectively) [7].

X-ray single crystal data for Bag @& are confirmed by Rietveld refinement of X-

ray powder diffraction intensities.

7.3.2 Isotypic {Sr,Eu}Cos.,Gey (x~0.3).

Indexing of the X-ray powder patterns of SiGBe and EuCe«Ge in both cases
was complete on the basis of an orthorhombic welltatose to that established for

BaCq, /Ge&. Analysis of the X-ray intensities, systematiciestions, and size of unit
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cells suggest isotypism with the structure typ8aCq, /Ge. Only minor amounts of
Ge as a secondary phase were encountered for BtEU}Co Ge. Rietveld
refinements confirm the isotypism among {Sr,Ba,EaGe, and again reveal a
partial occupation of the Co5-atom site (occ. =)0aé also determined for
BaCq ;Ge. As a typical example of this family of compountts X-ray pattern and
the corresponding Rietveld profile is shown in Ador EuCa /Ge,.

Figure 2. Crystal structure of Bag& e in perspective view along the short alis
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Ba[10Ge][5Ge5Co] Co1[7Ge2Co] Co02,Co3

Co4.Co5 [7Ge3Co]

Ge5

Gel[3Co10Ge2Ba]  Ge3[3Co7Ge2Ba] g

- G‘G4
Ge6[6CoGeBa] Ge7[6Co6GeBa] Ge9[5C03Ge]

vosé

Figure 3. Coordination polyhedra in BaGG&.

[3Co7Ge2Ba]
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Figure 4. X-ray pattern and corresponding Rietyetdile for EuCaq /Ge.

Table 1la. X-Ray single crystal data for Bag#se (standardized with program
Structure Tidy[8]; room temperature data, redundancy >8); spgoap Pnma No.
62.

Parameter/compound Ba;C0scGess?
Composition from EPMA BayC030.1:G653.0¢
Composition from refinement BaC032.0.G6s1 1¢
Formula from refinement BaGeGe

Crystal size 40Xx57x60um*

a, b, c[nm] 1.3992(5) 0.40220(2) 1.6993(7)
a, b, c[nm], Si standard 1.39910(2) 0.40218(2) 1.69882(2)
M ape [MmM7] 43.31

Data collection, @ range(°); 2<206<70

w-scans, scan width 2° 150 sec/frame

Total number of frames & sets 671; 13 sets
Reflections in refinement 1893>40(F,) of 2357
Mosaicity <0.52

Number of variables 93

Re = S |R-F /S Re? 0.025

Rint 0.069

wR2 0.076

GOF 1.108

Extinction (Zachariasen) 0.0011(1)

Residual densitg/nn?; max; min  2800; -1770

D Nominal composition
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Table 1b. Atom parameters for BaGgGe. All atoms in site 4c¢ (X,%,z). (Atomic

displacement parameters are given im.

Ba
occ.
X

z
Uiy
Us;
U31

UlE

Col
occ.

Ull
U22
U31
U13

Co2
occ.

Ull
U22
U31
UlS

Co3
occ.

Ull
U22
USE
UlE

Co4
occ.

1.00(1)
0.28381(2)
0.81550(2)
0.0104(2)
0.0068(2)
0.0085(2)
0.0003(1)

1.00(1)
0.00801(6)
0.81696(5)
0.0075(3)
0.0067(3)
0.0069(3)
0.0003(3)

1.00(1)
0.00906(6)
0.55522(5)
0.0063(3)
0.0078(4)
0.0073(3)
-0.0001(3)

1.00(1)
0.19554(6)
0.60504(5)
0.0061(3)
0.0076(4)
0.0074(3)
0.0004(3)

1.00(1)
0.20983(6)
0.02859(5)
0.0072(3)
0.0071(3)
0.0079(3)
-0.0010(3)

Cob

ocCcC.

X
z

U
b7

Ged

ocCcC.

W
o2
-
s

0.715(4)
0.03441(8)
0.08683(7)
0.0086(5)
0.0105(6)
0.0096(5)
0.0025(4)

1.00(1)
0.06051(5)
0.68755(4)
0.0097(3)
0.0165(3)
0.0066(3)
0.0012(2)

1.00(1)
0.06756(5)
0.40340(4)
0.0086(3)
0.0069(3)
0.0145(3)
0.0033(2)

1.00(1)
0.07045(5)
0.23042(4)
0.0105(3)
0.0074(3)
0.0120(3)
-0.0038(2)

1.00(1)
0.25490(5)
0.46058(4)
0.0131(3)
0.0070(3)
0.0080(3)
-0.0012(2)

Geb

OocCcC.

Ge9

occ.

U,
W
s
s

1.00(1)
0.26671(5)
0.17254(4)
0.0181(3)
0.0075(3)
0.0092(3)
0.0046(2)

1.00(1)
0.36531(4)
0.60199(4)
0.0062(3)
0.0113(3)
0.0103(3)
-0.0012(2)

1.00(1)
0.37886(4)
0.03223(4)
0.0063(3)
0.0094(3)
0.0097(3)
0.0012(2)

1.00(1)
0.39399(5)
0.33498(4)
0.0085(3)
0.0094(3)
0.0203(3)
0.0022(2)

1.00(1)
0.56534(5)
0.54550(4)
0.0129(3)
0.0221(4)
0.0155(3)
0.0073(3)
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Table 1c.Interatomic distances for Bagdsey; standard deviations less than 0.0003

nm.
Bal - 2Ge3 0.3208 Co4 - 1Ge7 0.2366 Ge3 - 200428 Ge7 - 1Co2 0.2351
CN 10 2Ge8 0.3216 CN 10 2Ge4 0.2371 CN 12 1Ca59a CN 13 1Co4 0.2366
2Ge4 0.3227 1Ge9 0.2381 1Ge8 0.2707 204580
2Ge5 0.3231 1Ge5 0.2572 1Ge5 0.2917 20d%80
2Ge2 0.3255 2Ge6 0.2589 1Ge2 0.2939 16854
Col - 1Gel 0.2318 1Co5 0.2646 2Gel 0.3057 Ge21 0.2858
CN9 1Ge6 0.2425 2Co3 0.2735 2Ge6 0.3100 €42@®.3005
2Ge3 0.2428 1Bal 0.3765 2Bal 0.3208 202066
2Ge8 0.2453 Co5 - 1Ge9 0.2289 Ge4 - 2Co4 0.2371 1Bal 0.3961
1Ge9 0.2470 CN 10 1Ge8 0.2371 CN 12 1Co3 90.25 GeS8 - 1Co5 0.2371
2Co5 0.2658 2Ge6 0.2465 1Ge2 0.2795 CN 122Co1 0.2453
1Bal 0.3859 1Ge3 0.2491 1Ge6 0.2856 16707
1Bal 0.3860 2Ge9 0.2546 1Ge8 0.2888 102888
Co2 - 1Ge7 0.2351 1Co4 0.2646 2Ge7 0.3005 Ge92 0.2914
CN 10 1Gel 0.2360 2Col 0.2658 2Ge9 0.3222 el11®.3275
2Ge2 0.2385 Gel - 1Col 0.2318 2Bal 0.3227 €520.3285
2Ge7 0.2580 CN 15 1Co3 0.2352 1Ge8 0.3285 12B&8216
1Ge2 0.2706 1Co2 0.2360 Geb- 2Co3 0.2374 9-Ge 1Co5 0.2289
1Co3 0.2743 2Ge3 0.3057 CN 12 Co4 0.2572 CN 8 1Co4 0.2381
2Co2 0.2762 2Ge2 0.3105 Ge7 0.2854 102470
1Bal 0.3841 2Ge5 0.3155 Ge3 0.2917 20dEb46
Co3 - 1Gel 0.2352 2Ge7 0.3425 2Ge6 0.2982 e820.2914
CN 10 2Ge5 0.2374 2Ge8 0.3275 2Gel 0.3155 6162959
1Ge6 0.2376 1Bal 0.3806 2Bal 0.3231 1B&B862
2Ge7 0.2580 1Bal 0.3872 Geb - 1Co3 0.2376
1Ge4 0.2591 Ge2 - 2Co2 0.2385 CN 8 1Col 6.242
2Co4 0.2735 CN 12 1Co2 0.2706 2Co5 0.2465
1Co2 0.2743 1Ge4 0.2795 2Co4 0.2589
1Bal 0.3783 1Ge7 0.2858 1Ge4 0.2856
1Ge3 0.2939 1Bal 0.3802
2Ge7 0.3066
2Gel 0.3105
2Bal 0.3255

“the short distance Co5-Ge9 is associated withgdarticupancy of the Co5 site (occ.=0.71)
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Table 2. X-Ray powder diffraction data for EPE€ge (EP is Sr, Ba, Eu)
standardized with progratructure Tidy[8]. Space groufPnma.Room temperature
data from image plate £20<100), Cu K, radiation.

Parameter/compound) Sr7C03Gegs3 Ba;C0o3Ges3 Eu,C030G€;52

Formula from refinement SrCo, ;Gey BaCo,; (Gey EuCo, ;Gey

a ;b; c[nm], Si standard 1.39389(8); 0.39665(1);  1.39910(2) 1.3910(1); 0.39425(2);
1.67860(9) 0.40218(2); 1.6741(2)

1.69882(2)

Reflections measured 596 618 604

Number of variables 56 55 46

Re = Z|Fo-F|/ZF, 0.191 0.137 0.135

R = Z|lo-lJ/Zl, 0.125 0.122 0.112

Rup=[ZWilYorr Yol TZWilYoil 0.0140 0.0198 0.0131

Re = Z|Yor Yeil ZIVoil 0.0104 0.0125 0.0097

R. = [(N-P+C)Ewy?%,)] ™ 0.0047 0.0055 0.0063

X2 = (Rup/Ro)? 8.97 12.8 4.93

EPin 4c¢ (x,%4,2): X, Z 0.2846(3), 0.8148(3) 0.2854(@®8165(2)  0.2834(2), 0.8130(3)

Biso (107 nnf) 0.9(1) 1.3(7) 2.4(7)

Colin 4c (X,%,2): X, z 0.0079(5), 0.8184(6) 0.0086(EB157(8)  0.0056(5), 0.8222(6)

Biso (107 NT) 1.0(2) 0.5(2) 0.49(6)

Co2in 4c (X,%,2): X, z 0.0125(7), 0.5547(5) 0.0148(7) 0.0123(6), 0.5559(5)

0.05511(6)

Biso (107 nnT) 1.6(3) 0.7(3) 0.49(6)

Co3in 4c¢ (X,%,2): X, z 0.1936(5), 0.6039(4) 0.1978(p024(5)  0.1927(6), 06072(4)

Biso (107 nnT) 0.7(2) 1.1(2) 0.49(6)

Co4in 4c¢ (X,%,2): X, Z 0.209(6), 0.0296(4) 0.2103(¥T)265(4)  0.2093(6), 0.0319(4)

Biso (107 NT) 1.7(2) 0.6(2) 0.49(6)

Co5in 4c (X,%,2): X, z 0.022(1), 0.0812(8) 0.029QL874(9) 0.0296(9), 0.0933(7)

Biso (107 nnf); occ. 0.9(4); 0.7 1.2(5); 0.6 0.49(6); 0.7

Gelin 4c (x,%,2): X, z 0.0632(4), 0.6917(5) 0.0615@$919(5)  0.0620(4), 0.6934(4)

Biso (107 nnT) 1.3(2) 1.5(2) 1.5(4)

Gezin 4c (X,%,2): X, z 0.0710(4), 0.3976(3) 0.0684(B¥051(4)  0.0748(5), 0.4015(4)

Biso (107 nnT) 1.0(2) 2.0(2) 1.5(4)

GeZin 4c (X,%,2): X, z 0.0733(4), 0.2300(3) 0.0721(62325(4) 0.0732(5), 0.2310(4)

Biso (107 NT) 0.9(2) 1.3(2) 1.5(4)

Gedin 4c (x,%,2): X, z 0.2555(4), 0.4572(3) 0.2546(1576(4)  0.2512(4), 0.4539(4)

Biso (107 NT) 0.9(2) 1.2(2) 1.5(4)

GeEtin 4c (x,%,2): X, z 0.2668,(3), 0.1794(4)  0.2698(1741(4)  0.2695(3), 0.1829(5)

Biso (107 nnT) 0.9(1) 0.7(1) 1.5(4)

Ge€ in 4c (X,%,2): X, Z 0.3643(5), 0.6026(3) 0.3694(6B065(4)  0.3674(5), 0.5982(4)

Biso (107 nnT) 1.1(2) 1.7(2) 1.5(4)

GeTin 4c (X,%,2): X, z 0.3802(5), 0.0352(4) 0.3770®P375(4)  0.3780(5), 0.0341(5)

Biso (107 NT) 1.1(2) 0.6(2) 1.5(4)

Ge€in 4c (x,%,2): X, z 0.3909(3), 0.3325(4) 0.3902(3393(4) 0.3861(4), 0.3317(5)

Biso (107 NT) 0.9(1) 1.0(2) 1.5(4)

Gectin 4c (x,%,2): X, z 0.5654(5),0.5456(4) 0.5659(BR425(5) 0.5615(5), 0.5381(5)

Biso (107 NT) 0.9(2) 1.0(2) 1.5(4)

INominal composition

7.4 Conclusion

A novel compound BaGqaGey (x=0.29) has been synthesized by arc melting
elemental ingots. The crystal structure of Ba@®m was determined from X-ray
single crystal counter data as a unique struciype. tisotypic compounds were found
for SrCa.xGe and EuCeGe (Xx~0.3).

99



References

[1]

[2]
[3]

[4]

[5]

[6]

[7]

[8]

A. Grytsiv, N. Melnychenko-Koblyuk , N. Navid®.Rogl , A. Saccone, H.
Scmid,Int. J. Mater. Res. 100 (2009) 189

L. Yang, J. Ross, IEEE Trans.on Appl. Superaartigity 13 (2003)3047-50.
Li. Yang, J. Ross, J. A. Larrea, E. Baggio-8waiich, Physica G108-410:
(2004) 869-71.

Nonius Kappa CCD Program Package COLLECT, DENBCALEPACK,
SORTAV. Delft, The Netherlands: Nonius (1998).

Sheldrick G M. SHELXL-97, Program for Cryst8fructure Refinement.
Windows version by McArdle, Natl. Univ. Ireland, Bay. Germany:
University of Gottingen (1997).

Roisnel T, Rodriguez-Carvajal J. Materials-$ce-Forum 118 (2001) 378-
81.

Pauling File Binaries Edition, Version 1.0, Rea 2002/1, ASM Intl,
Materials Park, OH, USA.

Parthé E, Gelato L, Chabot B, Penzo M, Cenkydbladyshevskii R. TYPIX
Standardized Data and Crystal Chemical Charactemzaof Inorganic

Structure TypesBerlin, Heidelberg: Springer — Verlag; 1994.

100



8 Phase Equilibria in Systems Ce-M-Sb (M = Si, Ge,
Sn) and Superstructure Ce,Gey,Shysx (x=3.8+0.1)

8.1 Introduction

Following our general interest in phase equilibmabinary and ternary systems
formed by rare earth (RE) withf glements (Si, Ge, Sn) and/or with antimony, the
ternary systems Ce-M-Sb were investigated as @dbgontinuation of our previous
studies [1, 2, 3, 4]. Literature information onnary compounds in these systems is
available from [5-10] whereas phase relations wety reported for the Ce-Sbh-Ge
system for which an isothermal section at @®as been determined [6] revealing
three ternary compounds: GBeSh (super structure of ThGaype), CeGe;Sh
(unknown structure) and geeSb (LaGeln-type). A subsequent investigation [7] of
ternary rare earth germanium antimonides preparedh fSb-flux yielded the
formation of isotypic compounds R&e;«Shi1+x (RE = La, Ce, Pr, Nd, Sm, Gd, Tb
and Dy) crystallizing in the orthorhombic spaceugrémmm(LasGe gShy3» structure
type). A detailed structural characterization byax-single crystal techniques was
performed for LaGe& g1 Shizza) and NdGess1Shiiza) whereas for the other
representatives of the §@e, gShy3» structure type only lattice parameters were given
[7].

Equilibrium phase diagrams Ce-Sn-Sb and Ce-Si-8b hat been constructed so far,
however, ternary compounds with composition REBn(Cmcm LaSn 7sSh type,
RE = La, Ce, Pr, Nd and Sm) were reported by [}, 10

With respect to the limited information on phaseikdgria in the ternary systems Ce-
M-Sb (M=Si, Ge, Sn), and in view of the contradiaticoncerning the formation of
CesGesxShi+x [7] (not mentioned by [6]) the ternary systems NI&b (M=Si, Ge,
Sn) became the subject of our studies in the re@iesh-Sb-M (Ge, Sn, Si).
Furthermore details will be elucidated for the stuwes of CgGesxShii+x (found to

be as superstructure with formula; @&y «Shys+x in current work) and CeS8h,.
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8.2 Experimental

All samples, each of a total amount of ca. 1g, weepared in an electric arc furnace
under Ti-gettered argon with a hon-consumable tiemgelectrode on a water cooled
copper heath. The purity of cerium was 99.5 masH%, purity of antimony,
germanium, silicon and tin was better than 99.9%e alloys were remelted three
times in order to achieve complete fusion and hamedy. Weight losses were
found to be less than 1-2 mass% and were attrildotetbst volatile elements Sb and
Sn. Final decision on phase solubilities and extémhases was based on Electron
Probe Micro-Analyses (EPMA) data (see belowfter melting, alloys were
subjected to annealing in evacuated quartz tubtsssubsequent quenching in water.
Alloys for the systems Ce-Ge-Sb and Ce-Si-Sb wenealed at 400°C (30 days) and
600°C (14 days) and alloys for the Ce-Sn-Sb systeare annealed at 200°C (90
days) and 400°C (14 days).

X-ray powder diffraction data from as-cast and atee alloys were collected with a

Guinier-Huber image plate system (Curlor Fe-Kyi; 8° < 260 < 100°). Precise

lattice parameters were calculated by least-squéitesto indexed Zvalues
employing Ge as internal standaagd= 0.565791 nm).

To determine the crystal structure of &&e,Shys+, a single crystal fragment,
suitable for X-ray structure determination was leokrom an arc-melted sample
with nominal composition GeShs, sGejp, which had been vacuum-sealed in a quartz
tube and annealed for 14 days at 600°C prior toxcjuag in cold water. Inspection
on an AXS-GADDS texture goniometer assured highstaty quality, unit cell
dimensions and Laue symmetry of the specimens pdoX-ray intensity data
collection on a four-circle Nonius Kappa diffractetar equipped with a CCD area
detector and employing graphite monochromated WakKdiation @ = 0.071073
nm). Orientation matrix and unit cell parameters do orthorhombic system were
derived using the program DENZO [11]. No absorptomrection was necessary
because of the rather regular crystal shape antl dmeensions of the investigated
specimen. The structure was solved by direct matlaod refined with the SHELXL-
97 and SHELXS-97 programs [12].
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The as cast and annealed samples were polishegl staimdard procedures and were
examined by optical metallography and scanning tielac microscopy (SEM).
Compositions for Ce-Si-Sb and Ce-Ge-Sb alloys vastermined via EPMA on a
Carl Zeiss DSM 962 equipped with a Link EDX systeperated at 20 kV and A
and on a Carl Zeiss EVO 40 equipped with a Pentafd EDX system operated at
20 kV. Binary compounds CegShand CeSb were used as EPMA standards.
Difference between measured values and nominal ositiqgns were found to be
within 3 at. %.

Isothermal reaction temperatures were derived ftioenmal arrests determined in a
calibrated Netzsch STA 409 PG/4/G Luxx Differentsanning Calorimeter (DSC)
employing a heating rate of 5K/min in A& crucibles under a stream of 6N argon.
Prior to DTA the alloys were annealed at 520°C5ar days.

8.3 Results and Discussions

8.3.1 Binary boundary systems

Information regarding the binary boundary systenas waken from [13] as well as
from [14] on the existence of two modifications foeSh. Crystallographic data for
the relevant solid phases from literature andfmfiour current work are summarized
in Table 1. During our investigation we came acrbss conflicting situations
concerning (i) the constitution of the Ge-Sb phdssgram, and (ii) the crystal
structure of CeGey.xShyzx.

8.3.1.1 The binary phase diagram germanium — antimony.

The binary Ge-Sb phase diagram as a result ofnmasstigation is shown in figure la.
It differs from the phase diagram given in [13]rfqulation of data of various authors
[15, 16, 17, 18, 19]) by two major facts: (i) eutecomposition (85.5 at. % Sb after
[13] and 77.5 at. % Sb [this work]) and (ii) maxinsolubility of Ge in Sb (no
solubility after [13] and 6.3 at. % Ge at 592°Qgttvork]).

Six alloys GgSbygox (for x = 2.5, 5, 10, 15, 22 and 30 at. %) wereestigated in the
as-cast state and after anneal at 400°C (45 da@8jC (7 days), 520°C (7 days) and

103



580°C (2 days). The binary as-cast alloys with garoam content lower than 22 at.
% show primary crystallization of antimony contaigiup to 6.3 at. % Ge as well as a
eutectic with composition GgsShy76 (Figure 1b). Alloys with higher germanium
content reveal primary grains of germanium anddbtectic at Gg ¢Shy7.4 (Figure
1c). The solubility of Ge in primary grains of Shcreases with the overall
germanium content of the samples.

In order to determine the exact solubility limite ®e in antimony at sub-solidus
temperatures the sample Skys was annealed at 580, 500 and 400°C for 2, 7 and 45
days, respectively. After annealing at 400 and°60he sample shows grains of Sb
with a maximal solubility of 2.3 and 2.8 at. % @e480 and 50%C, respectively. At
580°C the sample looks almost single phase with tradeGe) consistent with a
maximal solubility of 4.1 at. % germanium in antinyo EPMA measurements
recorded from grains of the Sb-based solution ##ed in Figure la in order to
define the solubility range of (Sb). Compositiodalpendences of lattice parameters
of (Sb) as shown in Figure 1d revesdime deviation from linearity in the higher
solubility range. The maximum solubility of Ge irb $6.3 at. %) at the eutectic
temperature (59€) is measured by EPMA on big primary grains ofisithe alloy
with 22 at. % Ge and 78 at. % Sb; Figure 1b. Thezljng non-linearity of unit cell
dimensions vs. composition for more than 5 at. “c&eneither be explained by tiny
Ge-precipitates in the ss-(Sb) (see inset in H}y.nbr by a retrograde solidus of the
(Sb)-phase (lattice parameters and EPMA data ob-hgpd hyper-eutectic alloys are
the same!). On Ge/Sb substitution the unit celuna decreases (Fig. 1) in line with
the difference of the atomic radii of the elemem#hilst the a-lattice parameter in
Fig. 1 decreases theparameter increases resulting in an increase et/ ratio
from 2.617 in pure antimony to 2.677 for {a8lys6 It is interesting to note that
Sn/Sb substitution in the related Sn-Sb system @solts in a decrease of the unit
cell volume but at variance to the Ge-Sb system dfee ratio decreases with
increasing tin content. Accordingly the c/a-ratow the rhombohedral Sn-Sb phases
finally reaches an ideal value of 2.4495, whichregponds to the transformation
from rhombohedral to cubic unit cells. The cubitsture is reported for S8
(NaCl-type [20]) and the high-pressure form of SH&EL].
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Despite a serious disagreement with literature datthe eutectic composition in the
Ge-Sb system, the temperature of the invariane{gig) reaction was determined by
DTA at 591.6°C in perfect agreement with literatdeta (592 °C, see [13]).

- Il
oas cast al gys o d) 0,432

P 0,430

e, 22.5at % Ge, 591.6°C

o o o
o
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Figure 1. (a) Binary phase diagram Ge-Sb, selettiedstructures of as-cast alloys:
(b) 22 at.% Ge — Sb, (c) 30 at.% Ge — Sb and (aipositional dependence of lattice
parameters for Sb-based solid solution.
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Table 1: Crystal structure data for relevant sqilthses in the systems Ce-Sbh-M

(M=Ge, Si, Sp
Phase Pearson Space Structure Lattice Parameters Reference
Symbol group Type
a (nm) b (nm) ¢ (hm)
(Sb) hR2 R 3m As a=0.45067 o=57.11 [13]
0.43084 - 1.1274 [13]
(Si) cF8 Fd3m C 0.54306 - - [13]
(Ge) Fd3m C 0.56574 - [13]
(Sn) tl2 14,/amd  BSn 0.58318 - 0.31818 [13]
CeSb cF8 Fm 3m NaCl 0.6407 [26]
a-CeSh 0oC24 Cmca SmSh 0.6295(6) 0.6124(6) 1.821(2) [26]
B-CGSQ - - unknown - - - [14]
SbhSn hR2 rhomb. Distorted, 0.4326 - 1.0693 [24]
NaCl
HP-SbSn cF8 NaCl 0.5880(4) - - [21]
Sh,Srg cF8 Fm 3m NaCl 0.615 - - [20]
CeSn cP4 Pm3m AuCuw 0.47214(2) - - [26]
CeGe;,Shyqs,y ol48 Immm LaGe Shiz: 0.42972(7) 1.0740(2) 2.6791(4) [7]
CexShhsnGey.x 0C184 @22 Ce.ShsGey,  0.86075(2) 2.15154(4) 2.68227(5) |[this work]
x x =3.840.1
CeSpSh, oC28 Cmcm LaSyv:Shy 0.4228(1) 2.2868(4) 0.4478(1) [5] for x=1
0.42370(1) 2.2834(1) 0.44594(2) [this work]
for x=0.8

L unit cell dimension given at 7.5GPa

8.3.2 The crystal structure of Ca . GeyxShyz.x

The homogeneity region of &6&).4Shys+x established by EPMA, at 600°C extends
from x = 3.3 to x = 4.2. Rietveld refinements penied for the structure model
reported by [7] result in an acceptable fit of X-mpowder diffraction intensities.
Furthermore, single crystal X-ray data reveal tauditional reflections (Figure 2a)
that were indexed on the basis of an orthorhombpesell in direction a and b
(2a=0.86075(2); 2b=2.15154(4); c=2.68227(5) nmhibuld be emphasized, that all
experimentally observed intensities are indexetherbasis of the fourfold supercell.
Systematic extinctions (h+k=2n) consistent with\Baa C-type centring lead to the
orthorhombic space grougSmmm, Cm@, C222 andC2,2,2;. As all the space
groups with higher symmetry had to be rejected bseaf bad R-values and high
residual electron densities, direct methods wessl us find a structure solution for
space groujc222. For the space gro@}222 (No. 21) 29 independent atom position
were found. The constitution of the unit cell idl elosely related to that reported by
Lam [7] (see Figures 2b, ¢ ,d). Owing to close Sb18 —Sbh&cts (0.0624 nm), the
occupancy of Sb18 required to be fixed at a themletmaximum of 50%
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(corresponds to Sb4 in [7]). Sites M1, M2, M3, M&re at first assumed to be
occupied only by Ge. Because of the large dista(@@3 nm — 0.28 nm), which are
more reasonable for Ge-Sb distances, these sites explored as a mixture of Ge
and Sb, resulting in a considerable decrease ial&evand residual electron density.
The occupancy of the site M5 was fixed at a maxinairf0% because of the short
interatomic distance M5-M5 = 0.0839 nm, (corresot@lM2 in [7]). The structure
refines successfully to a low reliability factogR= 0.060 at small residual electron
densities less than |5.7| ef Amploying anisotropic thermal displacement factors
Final refinement yields a formula G&eyxShys.«x (X=3.81£0.1)(Cey7.45e11.8Shs0.9 IN
at.%) in good agreement with fairly single-phase bulk gl® for which EPMA
gives a composition Ges Gens Shyiz (in at. %). Results of the structure
determination are listed in Table 2a, b, c. A table the anisotropic atom
displacement parameters (Table 2d) can be obtdnoed the authors on request.
From Table 2b one can see that there are many aepesitions, which are very
close to special positions e.g Ce4 (0.0001, 0.152%0461) close to (0, y, z) and
Cel (0.0005, 0.24981, 0.26625) close to (0, ¥4, larhvare special positions in the
centro-symmetric space grougsnmmand Cmma Attempts to solve the structure
within the space group€mmmand Cmma however, were not successful with R-
values not less than 16% and 14% and residualretedensities as high as 27.0 and
13.0 e/A3, respectively. When the center of symmetry is remdoC222) the R-value
immediately drops. The absence of a center of symymecreases the degree of
freedom for the disordered sites M2, M4, which @edom mixtures of 34(4)%Ge
and 66(4)%Sb, and 85(4)%Ge and 15%Sb, respeciiFajyre 2e). These atom sites
cannot be related by an inversion center or byraomplane. Actually, the different
electron density at these sites (M2 & M4) is regilole for the presence of the
superstructure in the lattice (see Figure 2b). reefient of the X-ray powder
diffraction profiles strictly based on this strueumodel was successful with an R-
value less than 6% even without refining the posdi parameters and occupancies
(Figure 3). Parameters from refinement of X-ray gewdiffraction are listed in
Table 6 (position parameters and occupancies ane aa in Table 2b).

Figures 2c and 2d show the geometrical relatiodiiaction b and a, respectively,
between the super celC222) and the sub cellhhmn) reported by [7]. From this

comparison it is obvious that all atoms on the $fte (Figure 2b) are related by a
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two-fold axis (parallel c) at (Y2, ¥, 0) to the aton the right side thereby giving rise
to a doubling of the unit cell in direction Bimilarly, shifting atom Sb3 off the
position (0, ¥4, 0) to (0, 0.268, 0) creates anothle8 atom via the two-fold axis
(parallel c) at (Y4, ¥, z). The doubling of the urell in the a-direction can be seen
from the atoms M4 (34% Ge and 66%Sb) and M2 (85% @k 15%Sb). Figure 2b
explains the reason for the superstructure in dotttions a and b. Construction of
the unit cell is very similar to the subcell esistivbd by [7] for LaGe g1)Shiz 2(1)
The supercell consists of Sb centered trigonalmmi€gSb. Constituents of these
trigonal prisms are (i) vertexes of Cel, 4 and Bteed by Sb7 and Sb12, (i)
vertexes of Ce2, 3 and 6 centered by Sb4 and Sti6h share triangular face to
form columns running along [100] as described Jy The columns are separated by
interconnecting walls of Ge and Sb atoms. A digiarin Sb-ribbons along the a-axis
described by [7] is also seen in the present wathk the difference that two short
distances, &ho-sp1= 0.2968nm, alternate with two long distances,d sp7= 0.3281
nm.

Another difference observed between the two stractypes is that the disordered
site M2 in LaGe gShis 2 is replaced by two different atom sites (disordesde M5
and Sb3) in CeGeyxShys+x (Figure 2b and c).

A formal group-subgroup relation is presented igufe 2f in the Barnighausen
formalism [22, 23]. Starting from the subcell space grdagmm the symmetry
reduction goes via a “translationengleiche” symmetduction of index 2 (t2) to the
space group222 followed by an isomorphic transition of indexi4) from 1222 to
C222 accompanied by a shift of origin of (0, %2, Y@ fourfold increase of the cell
volume (2a, 2b, c). In going from222 toC222 Wyckoff position #isplits into sites
4e, 4e, 8. Occupancy of #in the subcell was fixed at 50% [7]. Accordinglijea
splitting the occupancy in the super cell is agaiad at 50% for the I8site, the ¢
site is fully occupied by Sb1l, while the secomdsite remains vacant. Similarly, the
4g site, occupied by a random mixture M2 (occ. 50f0)hie subcell, splits into the
supercell sites @ 4g, 8. Whereas Bis a disordered site M5 (occ. 50%) &
occupied by Sb3 but the secorgisite remains vacant. Thus the atom arrangement in
the supercell drifts towards a more ordered arnaveye although in some sites still
random mixtures of Sh/Ge-atoms prevail. With respexr the fact that all

experimentally observed intensities are indexedhenbasis of the supercell, which
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simply originates from the subcell by atom/vacaooyer, we may safely rule out the
possibility of a structure masked by twinning.

b)

| M4l |
DO o3 Qe o o 3

Q@Ce
@ Shb
oM

LaBGez.BSbn_z [7]

Figure 2. a) Array of single crystal X-ray diffraction spots
documenting the superstructurb) Comparison between supercell
(C222; CeGeyxShps+x (x=3.8+0.1) type) and sub cell (Immm,
LasGe eShis ; type [7]).
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Figure 2.c) Comparison of supercell (&6e)xShys+x (x=3.8+0.1) structure type)
with [7] in direction b.d) Comparison of super cell (G6&).xSkysx (x=3.8+0.1)
structure type) with [7] in direction a&) Section from the center of unit cell
showing absence of center of symmetry. M2 is ardesed site with mixture of
33.8(4)%Ge and 66.1(4)% Sb, M4 is a disorderedvsiie mixture of 85.0(4)%
Ge and 15.0(4) % Sb.
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Ce3: 8/ Ced: 81 Sb12: 4k Sb8: 8/ Sbé6: 4g Sbl17: 4k M2: 8/
Ce5: 8/ Sb9: 8/ M3: 8/
Ce6: 8/ Sb15: 8/ M5: 8/
Ce,,Sb,,..Ge,, 1 1 2 2 2 1 2. 1 2. 2. 1 2 2 2 1 2. 2. 1
X x 0 0 YVa x 0 x x x X 0 0 YVa x x 0 0
» y 0 V2 Va y y y 0 0 y 0 Y Vs y y y y
z z z z z z 0 z 0 0 z z z z z z 0 0

Y Occupancy is zero.

Figure 2.f) Group-subgroup scheme in the Barnighausen formdRkg, 23] for subcell GSh1Ges«[7] to super cell CeSb2.,Geyx.
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Figure 3. X-ray Rietveld refinement for G&e.,Shys«x (x=3.8+0.1) (nominal
composition CgShs, :Gero )

Table 2a. X-Ray single crystal data foe;,Shys+Gey.x (x =3.810.1). Gtandardized with
programStructure Tidy[27]; room temperature data, redundancy >8); spacepC222;

No. 21.

Parameter/compound
Composition from EPMA Cr3Shy, -Geps .
Composition from refinement GeShy Ge ¢

Formula from refinement
a, b, c[nm]

GESbys., Gy (X =3.80.1).
0.86075(2), 2.15154(4),

2.68227(5)
H abe [mm?] 35.82
V (nn?) 4.9674
A (gem®) 7.117
Z 8
Radiation SC, Moka

Data collection, @ range(®);
w-scans, scan width 2°

2<20<70; 150 sec/frame

Total number of frames & sets 411 &8
Reflections in refinement 4847=40(F,) of 11936
Mosaicity <0.52

Number of variables 225

Re = Z|R%-F2/ZFy? 0.06

Rint 0.066

wR2 0.1522

GOF 1.066
Extinction (Zachariasen) 0.00006
Residual density &*; max; min  5.71;-7.39
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2b. Atom parameters

Atom Wyck Occ. X y z Ueq
. Pos. [in 10°nn]
Cel 8 1.0 0.0005(2) 0.24981(4) 0.26625(5) 0.0095(2)
Ce2 3 1.0 0.2506(3) 0.09708(7) 0.09457(6) 0.0103(3)
Ce3 8 1.0 0.25005(10 0.00045(9) 0.23373(5) 0.0096(2)
)
Ce4 8 1.0 0.0001(3)  0.15297(5) 0.59461(4) 0.0102(2)
Ce5 8 1.0 0.0001(3)  0.34692(5) 0.40528(4) 0.0104(2)
Ce6 3 1.0 0.2495(3)  0.59678(7) 0.09473(6) 0.0105(3)
Sb1 % 1.0 0.2154(2) 0 0 0.0099(3)
Sb2 & 1.0 0 0.398(1) 0 0.0122(4)
Sb3 4 1.0 0 0.268(2) 0 0.0250(5)
Sb4 4 1.0 0 0 0.143(1) 0.0103(4)
Shs 8 1.0 0.2521(4) 0.1525(1)  0.21165(8) 0.0125(4)
Shé 4 1.0 0 0.10776(8) O 0.0113(4)
Sh7 & 1.0 1/4 1/4 0.3569(1) 0.0119(5)
Sh8 8 1.0 0.5026(4) 0.09743(6) 0.28846(5) 0.0130(3)
Sh9 8 1.0 0.0009(4) 0.09744(6) 0.28841(5) 0.0130(3)
Sh10 4 1.0 0 1/2 0.143(1) 0.0111(4)
Shll &« 1.0 1/4 1/4 0.0717(1) 0.0203(6)
Sh12 & 1.0 1/4 1/4 0.6424(1) 0.0098(5)
Sb13 4 1.0 0 0 0.428(6) 0.0204(4)
Sh14 8 1.0 0.2503(1) 0.14540(8) 0.49996(8) 0.0146(3)
Shis 8 1.0 0.2500(4)  0.6526(1) 0.21149(8) 0.0135(4)
Shl6 4 1.0 0 1/2 0.42817(9)  0.0207(4)
Shl7 & 1.0 1/4 1/4 0.928(2) 0.0195(6)
Sbhis 8 0.5 0.0345(3) 0.2502(1)  0.5031(1) 0.0132(6)
M1 8l Ge: 0.544(4) 0.0007(5)  0.19016(8)  0.14653(7) 0.0148(4)
Sh: :0.456(4)
M2 8l Ge: 0.338(4) 0.2498(4) 0.0616(1)  0.3533(1) 0.0205(5)
Sbh: 0.661(4)
M3 8l Ge: 0.577(4) 0.0013(5) 0.31187(9) 0.14764(7) 0.0173(4)
Sh: 0.423(4)
M4 8l Ge: 0.850(4) 0.2503(5) 0.0603(1)  0.6472(1) 0.0173(4)
Sh: 0.150(4)
M5 8l Ge: 0.268(4) 0.245(2)  0.019(9) 0.496(8) 0.0115(6)
Sh: 0.232(4)

Table 2c.Interatomic distances for &8hys+.Geyx (x=3.8+0.1); standard deviations less
than 0.0004 nm

Cel —1Sbh7 0.3244 —-1Sb10 0.3258 b33S 0.3207 Sbi8 —-1Sb14  0.2913
-1sh12 0.3264 -1M1 0.3260 —1Sb5 .321® —-1Sb14 0.2924
—1Sb5 0.3326 —1Sb4 0.3262 -1Cel.3332 -1Ce5 0.3231
—1Sbh9 0.3332 Sbl —2Sh6 0.2968 31Ce 0.3337 —1Ce4 0.3237
—1Sh8 0.3340 —2Sh2 0.3280 —1Ce3 0.3350 —1Sb1432®
-1Sb15 0.3342 —2Ceb 0.3299 -1Ce4 0.3358 —-1Sba8332
—1Sb5 0.3351 —2Ce2 0.3300 sbio —2Ce3 0.3251 5-1C#.3363
—1Sb15 0.3354 —-1Sbl 0.3707 —2Ceb 0.3258 -1Ce43368®
-1M3 0.3451 -1Sb1 0.3299 —2Ce2 0.3262 -1Sb183710.
-1M1 0.3458 —1Sh2 0.3328  sbhil1 —2Sh3 0.2914 M1- M3-1 0.2619

Ce2 -1M3 0.3225 —1Sh6 0.3341 —-2M1 0.3210 —1Sbh152882
-1M1 0.3255 -1Sb17  0.3351 —2M3 0.3237 —1Sb5 9022
-1Sb10 0.3262 -1Sb15 0.3353 —2Ce2 0.3347 —1Sh1.3206
—1Sbh4 0.3268 Sh2- —1Sh3 0.2800 —-1Sb17 0.3861 b141S 0.3210
-1Sb1 0.3300 —2Sb1 0.3280 Sbi12 —2Ce5 0.3258 2-1C®.3255
—1Sb2 0.3324 —2Ce2 0.3324 —2Ce4 0.3261 -1Ce63260.
—1Sh6 0.3339 —2Ceb 0.3328 —2Cel 0.3264 -1Cel13458.
-1Sb11l 0.3347 Sh3- —1Sh2 0.2800  Sb13 —2M5 0.28252- M -1M4 0.2624
—1Sb5 0.3359 —-2Sb11 0.2914 —2M5 0.2949 —1Sh9 2866.

Ce3 -1Sb10  0.3251 —-2Sb17  0.2922 —2M2 0.3224 8-1Sh0.2891
—1Sb4 0.3256 —1Sb6 0.3459 —-2M4 0.3230 -1Sb133220.
—1Sb5 0.3327 Sh4- —2Ce3 0.3256 —2Ce4 0.3348 -1Ce4 0.3226
—1Sh8 0.3336 —2Ceb 0.3262 -1Sb13 0.3855 -1Sh03234
—1Sh9 0.3337 —2Ce2 0.3268  Sbh14 —-1M5 0.2727 —1Ce.3235
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-1Sb15 0.3344 Sh5- -1M3 0.2830 -1sh18 0.2913 e31C 0.3469

-1Sh9 0.3350 -1M1 0.2902 -1Sb18 0.2924 -1M5 9523
-1Sb8 0.3350 —-1Sb8 0.3204 —-2Sb18 0.3322  M3- —-1M10.2619
-1M4 0.3449 -1Sh9 0.3219 —2Ce5 0.3332 -1Sb5 830.2
-1M2 0.3469 -1Cel 0.3326 -2Ce4 0.3332 -1Sh152860.
Ce4 -1M2 0.3226 -1Cel 0.3351 -1M5  0.3532 Ce2l 0.3225
-1Sb18 0.3237 -1Ce3 0.3327  Sbi15 -1M3 0.2869 -11Sb@.3237
-1Sb12 0.3261 —1Ce2 0.3359 1M1 0.2882 —1Ce6 3248.
-1M4 0.3262 Sbé- -2Sbhl 0.2968 —1Sb8 0.3200 —ASb0.3249
-1Sb7 0.3268 -2Ce2 0.3339 -1Sh9 0.3207 —1Cel345D.
-1Sb14  0.3332 —2Ceb 0.3341 —1Cel 0.3342  M4- —-1MD.2624
-1Sb14  0.3333 -1Sh3 0.3459 -1Ce3 0.3344 —1Sb8285D
-Sb13 0.3348 Sb7- -2Cel 0.3244 -1Ceb6 0.3353 9-1Sk0.2881
—Sh9 0.335 —2Ce5 0.3265 —1Cel 0.3354 -1Sb16219.3
-1Sb18 0.3368 -2Ce4 0.3268 Sb16 M5-2 0.2888 -1Sb13  0.3230
Ce5 -1Sbh18 0.3231 Sb8- -1M4 0.2851 —-2M5 30a® -1Ce5 0.3252
—-1M2 0.3235 —-1M2 0.2891 —2M4 0322 —1Ce4 0.3262
-1M4 0.3252 -1Sb15 0.3200 —-2M2 3284 -1Ce3 0.3449
-1Sb12  0.3258 -1Sb5 0.3204 —-2CE5 0.3350 M5- £4Sb0.2727
-1Sb7 0.3265 —1Ce3 0.3336 -1Sb16 0.3854 —-1Sb0.2825
-2Sh14  0.3332 -1Cel 0.3340 Sb17 —2Sb3 0.2922 Sb16l 0.2888
-1Sb16  0.3350 -1Ce3 0.3351 -2M1 0.3206 -1Sh132949
-1Sb8 0.3354 —1Ce5 0.3354 —2M3 3240 -1Sb16  0.3009
-1Sb18 0.3363 Sb9- -1M2 0.2866 —2Ceb 0.3351 +4Sb0.3532
Ce6 -1M3 0.3248 -1M4 0.2881 -1Sb11 0.3861 -1M2 .3992

8.3.3 Phase equilibria in ternary systems Ce-M-Sb (M =iSGe, Sb)

i) Ce-Si-Sb _systemAnalysis of the alloys in as-cast state and aftemeal at 600°C
detected no ternary compounds in the Sb-Si-g¢falt of the system. All diffraction

peaks were indexed based on structures reportiégriature for binary or unary phases
revealing the phase equilibria as they are showhigumre 4. The solubility limits for the
phases in the ternary system were determined by ARMbe less than 0.5 at. %.
Microstructure of as-cast alloy 6®i3sSkys (Figure 5a) shows the primary
crystallization of CeSb, secondary grains of Ge@h) and a eutectic structure. Joint
crystallization ofa-CeSh and (Si) is documented in Figure 5b that showsptimary
grains of these phases embedded in the (Sb) méttas to be noted that LOM- and
SEM-images of the alloys annealed at 600°C for @@sdare very similar to those
observed in as-cast state (Figure 4): only a somwlsening of the eutectic structures
was observed. In order to ensure that equilibrivomddions were reached after
annealing of bulk alloys at 600°C, powders of tamples
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Ce-Si-Sb sb 600°C

Figure 5. Microstructure of selected Ce-Si-Sb ad-edloys:(a) CepShssSiss and (b)
Ce30ShssSizs

Table 3: Ce-Si-Sb System (600°C): Three-phaseiegailand lattice parameters.

Phase Region Phase 8.3.3.1 Composition Lattice
T(°C) Parameters
by EPMA
in at. %
Ce Sh Si a (nm) b (nm ¢ (nm)
a-CeSh+(Sb)+(Si) CeSh 31.4 68.2 0.4 0.6273(1) 0.6151(1) 1.8228(3)
(Sb) 0.0 100 00  0.43085(5) 1.12690(2
(Si) 0.0 9.7 90.3 0.54303(8) -
0-CeSh+CeSb+(Si) CeSh 322 67.8 0.0 0.6269(3) 0.6148(3) 1.823(2)
CeSh 0.64256(5) -
(Si) 0.0 0.6 99.4 0.54309(8)

were compacted and additionally heat-treated at®@d0r 60 days. Subsequent X-ray
characterization of the sintered samples confirdesitical phase equilibria as observed
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in as-cast conditions and after anneal of the lmalikples at 600°C. Data on phase
composition and lattice parameters are summarizdéble 3.

i) Ce-Ge-Sb systemninvestigation of the region CeSb-Sb-Ge reveals @legiilibria

that are different from those reported by [6] f@04C (Figure 6a). As-cast samples
(Figures 7a, c) were found to contain a small gtyaot ternary compounds Cegiise,
(ThGe type structure [6]) and G#56y.xShyz+x (3.3x<4.2) §, own type structure). LOM
and SEM characterization of the alloys in as-ctetesand after anneal at 400°C for 20
days yields very similar microstructures. The obaton suggests that equilibrium
conditions were not reached during anneal at 4af¥€pite the temperature is close to
solidus in the Ge-Sb binary system (592°C, Figwak Inh order to ensure that samples
represent equilibrium conditions, the specimensevamealed at 600°C for 7-10 days.
Selected samples were cut in parts and were addilyoannealed at 520°C for 7 days
and 400°C (30 days). Subsequent characterizatiothefspecimens after anneal at
600°C, 520°C and 400°C reveals phase equilibria skgnificantly differ from those
reported by [6]. An extended crystallization fidlor binary CeSb covers a significant
part of the liquidus surface in the ternary systamg primary crystallization of this
phase was observed in alloy £®x:Gess (Figure 7a). Besides of primary grains of
CeSb the microstructure shows secondary crystatiizaof the ternary compound
CeSh.Ge, (16.1 at % Ge after EPMA) and (Ge). CeSb was alsserved in small
guantity in the as-cast alloy &8b;0Gexs but it completely disappears after anneal at
600°C (Figure 7b); thus the equilibrated specimensists of (Ge),a-CeSh and
Ce,Gey,Shpsx (1). Primary crystallization ofa-CeShb is observed in as-cast
CeisShsoGess (Figure 7¢) whilst a high temperature modificat{@rCeSh) was detected
in both alloys CgShssGey, and CesShyGe; (Figure 8a and 8c). The high-temperature
modification3-CeSh decomposes on cooling and thus the annealed dlle¥Sb;(Ge;
and CesSh;,Geys (Figure 7b) contain only the low-temperature fahCeSh.

Based on the character of the crystallization efdk-cast alloys, phase constituents of
the annealed samples and DTA (performed on theysalemnealed at 520°C), we
constructed the solidus surface and isothermalosescat 600°C and 400°C for the Sb-
CeSh-Ge part of the diagram (Figure 6b-d and Table 4).

Samples from composition triangle (Ge)-(S8bpre in liquid-solid state at 600°C.

Consequently the ternary compounyiwas found in equilibrium with liquid that
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o P 400°C
C:/ . 400°C 6] t-Ce,Ge,.Sb
XN 12 9-x 23+x
@ 1. Ce,GeSb, (3.3<x<4.2)

2. Ce,Ge,Sh,
3. Ce,GeSb

40 ol s 100
Ce,Ge Ce.,Ge CeGé Ce,Ge,
Ce,Ge, Cﬁ‘eSGe4

a) b)
600°C o Sb Solidus

T —Ce12Geg_be23+x 1 -Ce,,Ge,,Sb,,,
(3.3<x<4.2) v (3.3<x<4.2)

Ge
c) d)

Figure 6: Phase diagram of Ce-Ge-Sb sysi{@nisothermal section at 400°C after [6],
(b) 400°C andc) 600°C [this work] andd) solidus surface [this work].

crystallizes on quenching under formation of (StJ a cerium-depleted eutectic (Figure
8d). The composition of this ternary eutecticG&e.»3Sh.77, as measured by EPMA on
as-cast alloys (Figures 7c, 8a and 8c), is vergeclto the binary Sbh-Ge eutectic
(Gex.sShy7 s see Figure 1a). Particularly, the melting poiinthe ternary eutectic Lz +
(Ge) + (Sb) (E=591 + 1 °C) is almost identical with the binary invartiareaction
L=(Ge)+(Sb) (591.6 °C). The temperature of 604°C smhidus surface (Figure 6d)
corresponds to the formation ofvia an invariant reaction L &-CeSh =t + (Sb). In

order to determine the temperature stability raiogehe ternary compound the alloy
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with composition CgGes» sShiz s was annealed at 400°C, 520°C, 600°C, 650°C, 700°C,
750°C, 800°C and 850°C. From XPD the existence h&f ternary compound is
confirmed for the temperature range from 400°CQ06°€ whilst alloys quenched from
850°C do not contain the ternary compound but atstonsist o-CeSh + (Ge)+ (Sh).
Due to the high vapour pressure of antimony at t¥atpres above 800°C no DTA
analyses were performed to determine the deconmos¢mperature of this ternary

compound.

Table 4: Ce-Ge-Sb System (solidus): Three-phaséitpand lattice parameters.

Phase Region Phase 8.3.3.2 Composition Lattice
T(°C) Parameters
by EPMA
in at. %
Ce Sh Ge a (nm) b (nm) ¢ (nm)
T +(Sh)+(Ge) T 26.1 61.9 12.0 0.85902(8) 2.1456(1) 2.6773(5)
(Sh) - 94.4 5.6 0.42546(6) - 1.1368(2)
(Ge) - 0.8 99.2 0.56561(9) - -
T+0-CeSh+(Sh) T 26.0 63.5 10.5 0.8530(3) 2.1632(3) 2.712(4)
a-CeSb2 31.7 68.3 0.0 0.62739(7) 0.6153(1) 1.8206(7)
(Sh) 0.0 96.4 3.6 0.42579(3) - 1.1362(4)
1+0-CeSh+(Ge) T 0.86082(3) 2.1506(1) 2.6810(2)
a-CeSh 0.6269(3) 0.6150(2) 1.8166(9)
(Ge) 0.56575(4) -

Phase equilibria at 400°C were found to be the sasrat subsolidus temperature (Figure
6b). The difference only concerns the maximal sditylof Ge in Sb that decreases from
6.3 at. % Ge at solidus temperatures to aboutt2@eaat 400°C.
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Figure 7. Microstructure of selected Ce-Ge-Sb all@) CeoShisGess (as-cast),b)
CexSh;Geys (600°C),c) CesShsGess (as-cast)d) CesShsoGess (600°C)
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Figure 8. Microstructure of selected Ce-Ge-Sb yalla) CesShisGeyp (as-cast)b)
CeisShysG e (600°C),c) CersShroGes (as-cast)d) CeoShsz sGera5 (600°C)

iii) Ce-Sn-Sb systenCe-Sn-Sb alloys were investigated in three stadescast, after
anneal of the bulk samples at 400 (15 days) andQQ80 days). Isothermal sections at
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400°C and 200°C have been determined for the re@ie8b-Sb-Sn-Cegrand are
presented in Figure 9 (see also data in Table &m&tion of the ternary compound
CeSnSh, is confirmed: the phase crystallizes incongrueatig coexists in equilibrium
with liquid at 400°C. Crystallographic data for @gSly, in Table 6 wer@btained from
Rietveld refinements. Lattice parameter data conegrthe solid phases in equilibrium
at 400°C are listed in Table 5. X-rays analysisficors the rhombohedral symmetry for
SbSn (distorted NaCl [24]) instead of the cubic Na@e [21]. Antimony and SbSn
reveal very similar X-ray diffraction patterns thdiffer only slightly by the angular
position of the diffraction maxima. In corresponderwith the difference in the atomic
radii of Sb and Sn the unit cell volume andlattice parameter decrease with increase of
tin content whilsta - increases. Following this trend towards the ipaldr c/a ratio
2.4495 will render the X-ray diffraction spectrurary similar to that of Sisn; with
NaCl type structure. However, we neither obsernis ttubic structure nor we can
confirm the existence of the various rhombohedratifications of SbSn reported in
[24, 25].

400°C 200°C
Sbyoo - CeSn Sb, Sbyoo - CeSn Sb,
P g (0.1<x<0.8)

(0.1<x<0.8)

100
Ce n
20 40 60 Ce§]380 1008

Figure 6: Phase diagram of Ce-Ge-Sb syst{a@nisothermal section at 400°C after [6],
(b) 400°C andc) 600°C [this work] andd) solidus surface [this work].
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Table 5: Ce-Sn-Sb System: Three-phase equilibrth lattice parameters for alloys
annealed at 400°C and 200°C.

Phase Region T{C) Phase Lattice
Parameters
a (nm) b (nm) ¢ (nm)
400°C
T +SbSn+(Sh) T 0.42420(4) 2.2827(2) 0.44556(6)
Shsn 0.4324(1) - 1.0731(5)
(Sh) 0.42597(4) - 1.1456(2)
T +0-CeSh +(Sb) T 0.42477(5) 2.2808(2) 0.44369(3)
a-CeSh 0.6380(1) 0.6027(9) 2.00(1)
(Sh) 0.42732(8) - 1.1417(2)
1+CeSb-a-CeSh T 0.42373(7) 2.2833(4) 0.44483(7)
CeSb 0.64241(5) - -
a-CeSh 0.62621(1) 0.6175(2) 1.817(3)
T+SbSn+L T 0.42301(6) 2.2867(2) 0.44768(3)
Shsn 0.43218(5) - 1.0690(4)
(Sny 0.58392(3) - 0.31819(3)
CeSb+CeSgL CeSb 0.64235(8) - -
CeSn 0.47225(4) - -
(Sny 0.58323(3) - 0.31832(2)
T+CeSb+L T 0.42238(5) 2.2852(3) 0.44826(4)
CeSb 0.64225(3) - -
(Sny 0.58367(3) - 0.31820(3)
200°C
T +SbSn+(Sh) T 0.0.42374(5)  2.2817(8) 0.44586(7)
Shsn 0.4314(1) - 1.0763(6)
(Sh) 0.42586(5) - 1.1458(4)
T+ a-CeSh +(Sh) T 0.42390(7) 2.2837(6) 0.44501(8)
a-CeSh 0.61278(8) 0.6162(8) 1.819(4)
(Sh) 0.42666(8) - 1.1448(4)
1+CeSb--CeSh T 0.42543(2) 2.2824(7) 0.4458(1)
CeSb 0.64236(5) - -
a-CeSh 0.6275(3) 0.6165(5) 1.812(4)
T+SbSn+(Sn) T 0.42253(5) 2.2848(8) 0.44787(7)
Shsn 0.43375(2) - 1.0701(4)
L(Sn) 0.58385(5) - 0.31807(3)
CeSb+CeSgL CeSh 0.64242(9) - -
CeSn 0.4726(1) - -
(Sn)? 0.58333(4) - 0.31824(3)
T+CeSb+L T 0.42257(4) 2.2851(4) 0.44814(8)
CeSb 0.64238(5) - -
(Sn)? 0.58396(5) - 0.31817(5)
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Table 6: Crystallographic data for 8&,Shysix ((3.3<x<4.2) and CeS$8h
(0.1<x<0.8) (X-ray powder diffraction room tempenat data, image plate data, Cy; K
radiation); structure standardized with progratructure Tidy[27] (Biso is given in 16

nn).

Parameter/compound CeSg5h, (x=0.8) CaGey Shysy (3.3<x<4.2)

Space group, Prototype n€&m,LaSn ;sSh C222 Ce .Gy, Shysiy
(x=3.840.1)

Composition, EMPA at.% - Ge:Shs, :Geyps.,

Composition from refinement &S Shs, Ce7:Shy (Gey ¢

a ;b; c[nm], Ge standard 0.42370(1)); 2.2834(1); 0.44894( 0.86030(4); 2.1504(3);
2.6811(7)

Reflections measured 170 1636

© range 8<20<100 &20<100

Number of variables 21 21

Rr = Z|F,-F/ZF, 0.0511 0.0407

R, = 2|l ¢J/Zl, 0.0809 0.0598

Rur=[ZWilYoi-Yal 72 Wi lYoi 1 0.0534 0.0472

Re = Z|Yoi-Yal/Z|yol 0.0380 0.0359

Re = [(N-P+C)Ew;y?)]* 0.0182 0.0252

X° = (Rue/R)’ 8.57 3.52

Atom parameters: Cel:4c (0,0.13876(5),1/4); B, = 1.75 Fixed after single crystal
refinement

M1: 8f (0, 0.01531(2), 0.644(1)); (Table 2b)
occ. =0.184(2) Sn; B =1.16 Ce; B,=0.224

M2: 4¢(0,0.00833(4),1/4);
occ. = 0.155(1) Sn; B =1.06
M3: occ =0.315(1) Sn;a{0,0,0); By,
=1.36
4Sb1 in4c(0, 0.75123(6), 1/4); B =1.97
4Sb2 in4c(0, 0.40763(6), 1/4); B =1.89

Sb and M; B,= 0.763

8.4 Conclusions

Phase equilibria in the systems Ce-M-Sb (M = Si, &@ were studied in the phase
region CeSh-Sb-M. A maximum solubility of Ge in Sb was fourallie 6.3 at. %at the

eutectic temperature 592@Gwith a newly defined eutectic composition 22.3AtGe.

No ternary compound was found in the Ce-Si-Sb systethe phase region CeSb-Si-Sb.

In the Ce-Ge-Sb system a compoundCeGey.Shys.x exists in equilibrium with a

homogeneity region extending from x=3.3 to x=4.rk single crystal x-ray analysis

CeGey.xShys:xwas found to adopt a superstructure of thgdeasSh;s » type with space

group C222 and lattice parameters doubled in direction0&86075(2) nm)and b
(2.15154(4) nm) while ¢ (2.68227(5) nm) remains gsame resulting in a unit cell with

volume and Z four times bigger that of thesGa, sShis, type. Partial isothermal
sections at 200 and 400°C are constructed for tleeSIESb system. CeSh
(0.1<x<0.8) Cmcm LaSn 7Sk, type) exists in equilibrium at 200 and 4G0
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9 The system Nd-Fe-Sb: Phase Equilibria, Crystal

Structures and Physical Properties

9.1 Introduction

Ternary rare earth transition metal antimonidesaarass of compounds with a large
diversity in structure and physical properties [1Although systems RE-T-Sb (T is a
transition element) have been in the focus of mawngstigations [6-14], phase diagrams
at temperatures higher than 600°C are scarce, rdodration on ternary compounds
and their crystal structures is incomplete. Thehhigermoelectric efficiency of ternary
and multicomponent skutterudites RSB, [15-17] has triggered intensive research on
these Sb-rich compounds in general [18-21] anchyered structure antimonides with
interesting magnetic properties e.g RET ) 22-27]. As a logical continuation of our
previous studies on phase equilibria in systemsdor by rare earth with’mlements
(Si, Ge, Sn) and/or Sb [28], in this paper we foonghe system Nd-Fe-Sb, on the phase
relations at 800°C (particularly in the region withore than 40 at.% Sb), on the
formation and crystal structure of ternary compaurahd their isotypes with the
homologous light rare earth elements (La, Ce, fjist investigation of the isothermal
section at 800°C of the system Nd-Fe-Sb was peddrimy A. Leithe-Jasper in our
institute as part of his PhD-thesis [6] revealirfie tphase relations at 800 °C
characterized by five ternary compounds: NdsFesSb (NdFesSi-type [29], To-
NdFegSh, (tetragonal, a = 0.42879(7), ¢ = 2.5705(4) nm)d an-NdFe.Sh
(orthorhombic, a = 0.42965(1), b = 0.4276(2), ¢ £7839(5) nm)1s-Nd.Fe;Shs
(hexagonal, a = 1.31719(6), ¢ = 0.41785(8) nm; cttine unknown),1,-NdFeSh

(structure unknown) ands-NdFe.Shy (ZrCuSk-type [30]). Whereas the crystal
structures and physical properties @f NdsFe sSb (NgFesSi-type) [29], and ofts-
NdFe .Sk, (ZrCuSp-type) [30] have been elucidated in detail, thactire solutions for
the crystal structure ai-NdFeSh, (tetragonal) and,-NdFe..Sh, (orthorhombic) were
not considered to be satisfactoryr(R 0.09 and 0.08 respectively) and remained
unpublished. Compounds isotypic to the tetragotrattire were observed with La and
Ce while compounds with Pr and Sm were found iscsiral to the orthorhombic
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structure. A more recent investigation of the NdSkesystem by Zeng [10] at 500 °C
showed the absence ag and a compound NdEeSh, with unknown structure.
Therefore the aim of the present work is threef@ldto investigate phase relations in
the Sb-rich part of the Nd-Fe-Sb system (regiorNB&b-Sb) in a wider temperature
range, (ii) to elucidate crystal structure and fation of ternary phases,(ts andts)
including the light rare earth containing homologjuand (iii) to study their physical

properties.

9.2 Experimental

All samples, each of a total amount of ca. 1-1.5vgre prepared in an electric arc
furnace on a water cooled copper heath under Tempet argon and with a non-
consumable tungsten electrode. The purity of RE, (N Pr) was 99.5 mass%, of
antimony and Fe was better than 99.9%. The all®rewemelted three times in order to
ensure complete fusion and homogeneity. Weighteksgere found to be 2-4 mass%
and were compensated beforehand for the most oiément Sb. The reguli were cut
into 2 to 4 pieces in order to perform heat treatimeat various temperatures. The
individual pieces were sealed in evacuated qualtes and annealed at temperatures
(500, 600, 700, 800, 900, 1000 °C) for 10 to l4sdajlowing quenching in water.

X-ray powder diffraction (XRPD) data from as-castiaannealed alloys were collected
with a Guinier-Huber image plate system (Cyr8r Fe-Ky1; 8° < 20 < 100°). Precise
lattice parameters were calculated by least-squase® indexed Zvalues employing
Ge as internal standardge= 0.565791 nm).

To determine the crystal structure of the terngiyasest, (tetragonal and
orthorhombic), andts single crystal fragments, suitable for X-ray stune
determination were broken from alloys with nomimampositions (i) LaFesShus
annealed at 1000 °C (30 day#) NdigFe3sShy, annealed at 1000 °C (30 dagsid (iii)
Nd.oFe7Shs; annealed at 800 °C (20 days) prior to quenchingpid water. Inspection
on an AXS-GADDS texture goniometer assured highstaty quality, unit cell
dimensions and Laue symmetry of the specimens fwi¥rray intensity data collection
on a four-circle Nonius Kappa diffractometer eqag@pvith a CCD area detector and
employing graphite monochromatic MgKadiation @ = 0.071073 nm). Orientation

matrix and unit cell parameters were derived udimg program DENZO [31]. No
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absorption correction was necessary because ofather regular crystal shape and
small dimensions of the investigated specimen. Bheictures were solved by
direct/Patterson methods and refined with the SHERX and SHELXS-97 programs
[32].

The as cast and annealed samples were polished ssamdard procedures and
microstructures and compositions were examinedidiyt loptical microscopy (LOM)
and scanning electron microscopy (SEM) via ElectPoabe Micro-Analyses (EPMA)
on a Carl Zeiss EVO 40 equipped with a Pentafek HDX system operated at 20 kV.
Binary and ternary compounds Nd3imd NdFeShwere used as EPMA standards. The
differences between measured and nominal compesiti@re found to be <1 at. %.
Magnetic measurements were performed in the terpereange 1.72—-400 K in applied
magnetic fields up to 50 kOe using a Quantum DeMI§MS-5 SQUID magnetometer.
The electrical resistivity was measured over thmpeerature interval 4.2-300 K
employing a dc four-probe technique and home-matigs In the case of NdFesine
resistivity measurements were extended down toKOusing a standard ac technique
implemented in a Quantum Design PPMS platform. Bpdueat studies were carried
out in the 0.35-300 K temperature range by a rélaxanethod employing a Quantum
Design PPMS platform.

9.3 Results and Discussion

9.3.1 Binary boundary systems

Binary boundary systems Nd-Sb, Fe-Sb and Fe-Nd vemeepted after [33-35]
respectively. The monoclinic binary phases8id, (S.P.Cc) reported by [36] is not
shown in any of the binary phase diagrams for tdeSH system. It should be noted that
this phase was not observed at any temperatuneyisanple investigated in the present

work. Crystallographic data for the solid phasessarmmarized in Table 1.

9.3.2 Phase equilibria in the Nd-Fe-Sb system

In order to define a proper temperature for thehisomal section, alloys, annealed at
various temperatures (500, 600, 700, 800, 900, , 1800 1100°C), were subjected to
XRPD and LOM analyses, which revealed that the aliimg temperature of 500°C is
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too low to achieve equilibrium condition: most dietalloys annealed at 500°C were
unchanged with respect to the as cast state. Aeee20 °C some of the alloys appeared
completely melted, the optimal temperature for Bopation and for the formation of
ternary compounds was defined as 800 °C. The isotilesection derived at 800 °C
from EPMA and XRPD is presented in Figure 1. Phegailibria in the composition
range Fe-NdSb-Sb are accepted after [6]. All preslp reported ternary phases;
NdsFesSb (NagFe sSi type) [29],1-NdFeSh, [A. L-J] or ~NdFe sSh, (unknown type
[10]), 13-Nd2FesShys [6], 1--NdFeSh [6, 10], 1s-NdFe.Shy, (ZrCuSp-type) [30], T6-
NdFeSh, (LaFeShy, type) [37] were observed in the present work. Tngstal
structures oft, andtz are determined by single crystal x-ray diffractionthe present
work (see details in section 3.3 and 3.4) and daetestructure formula for (tetragonal
and orthorhombic) ants is now referred to as NBes.«Shio.y (tetragonal), NgFe;.,Shs.y

(t2 orthorhombic) and NgFe;Sky, respectively. 1,-NdoFe5Sbhio.y, To-NdoFerShe.y
corresponds to the phase ~NgE®y, reported by [10].

Microstructures of the selected as cast and amthealeys documenting the phase
equilibria are shown in Figures 2 and 3. The a$ alisy with nominal composition
Nd;eFe 2Shyg was multiphase with two different zones of cryigtation. Figures 2a and
2b show primary crystallization of NdSkwith peritectic formation ofs, whilst Figure
2c presentss as primary grains with subsequent crystallizabbmMNdSk as secondary
grains. The last liquid in both regions shows jangstallization oft,, NdSk, FeSh
(Figure 2a, b, c). All phases were confirmed frolRPD. The alloy annealed at 800 °C
shows a completely different microstructure comsjsof only three phases as can be
seen from Figure 2d which reveals big grainstofind NdSb inside a matrix that
represents liquid state at 800 °C. Morphology ef &aloy annealed at 700 °C represents
the equilibrium, ts (skutterudite)e,-NdSk  (Figure 2e) which is different from that
observed at 800 °Q4- NdSk - (L)). Solubility of Fe in NdSpwas found to be less
than 0.5%. In an attempt to prepare a single-phafleg NdFeSk weak unindexed
reflections were observed in the X-ray profile betalloy annealed at 800 °C. The
intensity of these reflections increased signiftbamn alloy Nd,Fe;Shs;. A single
crystal selected from the latter alloy yields teenary compounds (for details refer to
section 3.4). Microstructure of the alloy NBe;Shs; annealed at 800 °C (Figure 2f)
represents the triangig—1,—T1s. Ternary 13 andt, are also in equilibrium kRLgSb phase

(see Figures 1, and 3a). Equilibriumtefwith t, and Fe,Sb is shown in the micrograph
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of the alloy NdoFesShss annealed at 800 °C (Figure 3b). Due to very sdifitrence in
compositionsthe SEM contrast between thgandt, phases is very low (Figure 3b), but
compositions from EDX show a clear difference, Whis also confirmed by x-ray
analysis. Despite the presence of low melting 8tetlcs in the system is quite slow and
alloys with less than 50 at.% Sb were usually fotmdontain four to five phases after
annealing at 800 °C for 7-10 days. In-order to rtyedefine phase equilibria, some
alloys were repowderized and compacted into taldetded in evacuated quartz tubes
and additionally annealed at 800 °C for 7-10 d&rostructure of the as cast alloy
NdioFe7Shs, shows a ternary eutectic structure (E) consisbhg, 1s and Fe.Sb
(Figure 3c) with composition N¢JesShsso Therefore most of the alloys in this
composition range were found partially melted aftenealing at 800 °C. Figure 3d
shows the equilibrium microstructure wfandts in the alloy with nominal composition
Nd.sFeeShss. Microstructure of the alloy NgFessShys after cyclic heat treatment (slow
heating and cooling between 1075-1025 °C) confiwesy big grains oft, with
composition Nes gFes7.6Shy, swith well-defined grain boundaries (Figure 3d). rains
of 1, are separated by a very fine eutectic structuth somposition NgFeso sS4
(Figure 3f). However, no single crystal fragmenitagale for X-ray single crystal
investigations could be obtained from this sample.

The phase equilibria associated with structuralymokphism int, (tetragonal and
orthorhombic structure) appear to be very compidaiThe as cast alloy hfFes;Shy,
with primary crystallites of NdSb contains small amts of orthorhombict,
crystallizing from the last liquid. After anneal @0 °C and 800 °C NdSb disappears
andTt, appears as tetragonal modification whilst the sanapinealed at 700 °C mainly
consists of orthorhombi. As the sample annealed at 500 °C does not shgwlange

in comparison with the as cast state, the samgde Heat treated at 900 °C (containing
the tetragonal modification) was subsequently aedeat 500 °C: the tetragonal
modification transformed to the orthorhombic mazhtion. However, some alloys from
the triangle (Fe} NdSb- 1, show the tetragonal modification at 1000 °C antigher
temperatures (1025 °C and 1050 °C) whilst some kmrgdso show the orthorhombic
modification at 1000, 1025 °C. Another point toeat that quenching rates are critical
to obtain the tetragonal modification. We furthersmgannot exclude the possibility of
compositional polymorphism in addition to temperatpolymorphism. Therefore it is

presently very difficult to interpret the complerHaviour of polymorphism of the
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phase. At 800 °C both modifications are observied:drthorhombic modification is in
equilibrium with Fe.Sb and ¢-Fe) whilst the tetragonal modification is obsenied
equillibrium with NdSb andd-Fe).
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7,-Nd,Fe,Sb

Nd-Fe-Sb Sb 1,-Nd,Fe, Sb,, (orthorhombic)
800 °C 7,Nd,Fe, Sb,, (tetragonal)
7,-Nd,Fe,Sb,

7,-NdFeSb,
7,-Nd.Fe,,Sb,

(a-

40 60 ) Nd

Fe

Fe,Nd, %
Figure 1. Isothermal section of Nd-Fe-Sb systegoa °C.

Figure 2. Microstructure of Nd-Fe-Sb alloys: a),and c) NdgsFe.Shyo as cast; d)
NdeFe2Shro 800 °C; e) NesFe 2Shy 700 °C; f) NdoFe,7Shs; 800 °C.
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(800 °C); ¢) NdoFe;Shs4 (as cast); d) NdFeeShs; (800 °C); e) and f) N@Fe;sShys
(cycles (1025-1075 °C).

Table 1: Crystal structure data for relevant sphdses in the systems Nd-Fe-Sb.

Phase Pearson Space group  Structure Lattice Parameters (nm) Reference
Symbol Type
a b [

(Sh) hR2 Ran As 0.43084 - 1.1274 [34]
(a-Fe) cl2 Im3m w 0.28665 - - [38I]
Fe.Sb (x=0.73) hP6 P6s/mmc NisIn 0.4124 - 0.5173 [39]
NdSb cF8 Fman NacCl 0.6321 - - [38]
NdSh 0oC24 Cmca SmSh 0.6207(4) 0.6098(4) 1.808(1) [38]
Nd,Sh; cl28 143d ThsP, 0.9370(8) - - [38]
NdsSh; hP16 P6s/mcm MnsSiz 0.9199(8) - 0.6454(5) [38]
Nd,Sb 1112 14/mmm La,Sh 0.451 - 1.761 [38]
Ndg.xShys.y mC62 Cc NdsShy» 2.8452(16) 0.4247(8) 1.3459(9); [36]

3 =95.42 x=0.7:

y=1.02
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Phase Pearson Space group  Structure Lattice Parameters (nm) Reference
Symbol Type
FesNd, hR57 Ranh ThoZn,; 0.85782 - 1.24611 [39]
NdsFesSb 1) tI80 14/mcm NdgFesSi 0.8090(1) - 2.3192(6) [29]
La,Fe;..Shg.y t126 [4/mmm LaFe;.,Shyo.y, 0.43374(3) - 2.6272(7) This work
x=1.125;
y=5.085
Nd,Fe,,Sh., (1) 0126 Immm NgFe.,Sh,y, 0.42632(6) 0.43098(7) 2.5823(3) This work
x=3.04;
y=1.03
NdsFe;Shy(Ts) hP26 By/m NdsFe;Shy 1.31808(3) 0.41819(3) This work
NdFeSh(t,) oP40 Pbcm LaPdSb 1.2677(3)  0.61613(7)  1.2132(4) This work
NdFe.,Sh, (ts) tP8 P4/nmm ZrCusi 0.43514(6) - 0.96518(13)  [30]
x=04
NdFeShy, (Te) cl34 G LaFeP;, 0.9130(1) - - [37]
Table 2: Three-phase equilibria and lattice paramdbr Nd-Fe-Sb (800°C).
Phase Phase Composition by Lattice Parameter (nm)
equilibria EPMA at. %
Nd Fe Sb a b c
L-Fe; »+.Sb1, (Sb) - - - 0.43090(8) - 1.1269(3)
Fe,Sb - - - 0.40635(2) - 0.51394(4)
T4 - - - 1.2677(3) 0.61613(7) 1.2132(4)
L-NdSh-14 (Sb) 1.8 1.2 97.1 0.43097(4) - 1.1273(2)
NdSkh 329 03 66.8 0.6224(1) 0.6097(2) 1.8106(5)
T4 19.8 184 619 1.2673(2) 0.61604(6) 1.2134(2)
NdSh-14-T5 NdSh 328 - 67.2 0.6235(2) 0.6097(2) 1.8105(8)
T - - - 1.2675(3) 0.61630(8) 1.2137(2)
Ts 28.0 146 57.4 0.43503(33) - 0.9651(2)
T3-T4Ts T3 23.1 23.6 53.3 1.3185(1) - 0.41820(9)
T4 - - - 1.2681(2) 0.61647(8) 1.2131(3)
Ts 279 16.0 56.1 0.43535(5) - 0.9667(3)
NdSh-NdSb1s NdSh - - - 0.6227(2) 0.6111(2) 1.814(1)
NdSb - - - 0.6355(3) - -
s - - - 0.43509(4) - 0.9649(2)
NdSb1s-1, NdSb 49.7 0.1 50.2 0.63378(4) - -
Ts - - - 0.4346(5) - 0.9710(6)
1o 18.2 36,5 453 0.4302(1) 0.4286(1) 2.573(4)
(Fe)-NdSbg, (Fe) 0.1 96.0 39 - - -
NdSb 485 05 51.0 0.6344(1) - -
T2 18.0 359 46.1 0.42903(4) - 2.5821(5)
(Fe)-Fe,Sb1, (Fe) - - - - - -
Fe, Sb 0.4 55.9 43.7 0.41259(6) - 0.5172(2)
1o 18.0 356 46.4 0.42726(9) 0.4301(1) 2.5843(5)
Fe.«Sb1,-13 Fe,Sb - 53.1 47.0 0.411(1) - 0.5149(3)
T 185 349 46.6 - - -
T3 225 23.2 54.3 1.3185(2) - 0.41846(4)
To-T3-Ts To 18.3 34.4 46.8 - - -
T3 226 23.7 53.7 1.3185(2) - 0.41846(4)
Ts 27.49 16.07 56.430.4368(2) - 0.9648(9)
FexSb 1514 Fe,Sb - - - 0.40742(2) - 0.5145(2)
T3 - - - 1.31899(8) - 0.41814(4)
T - - - 1.2680(4) 0.61658(9) 1.2131(3)
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9.3.3 The crystal structure of 1,

An unknown x-ray spectrum was observed for theyalloth nominal composition
NdyoFessShys in as cast as well as in specimens annealed at8d00 900 and 1000 °C.
EMPA analysis reveals a ternary composition rgdéess sShis s The ternary compound
in this composition range was reportedtadNdFe.,Sh, (orthorhombic) or NdR&Sh,
(tetragonal) [6] and more recently as ~NgiS#, (unknown structure) by [10] in the
isothermal section of Nd-Fe-Sb at 773 K. Whilsthe La-Fe-Sb and Pr-Fe-Sb systems
at 773 K, the ternary compounds Labke (a=0.45518, b=0.77737, 0.84207,
=128.3946) [11] and Prg8h, (a=0.60719, b=0.60867, 1.330535103.1) [12] were
tentatively indexed as monoclinic phases with,$ggrototype (S. GCc), we were
unable to index or refine the observed XRPD (memib above) with the G8;
structure type, however, the observed pattern aarsurcessfully indexed with the
structure model given by [6] fae-NdFe.«Sh, (orthorhombic) or NdR&Sh, (tetragonal).
As discussed before these structure solutions wetesatisfactory therefore attempts
were made to select single crystal fragments framhed alloys annealed at 1000 °C for
about 10 days. These experiments were unsuccessftlie alloys yielded only very
small crystallites. Cyclic heat treatment (slow thepand cooling ~10 °C/hr between
1075 and 1025 °C) gave very big grains of the plmasguilibrium with liquid (Figure
3e and f) but single crystal quality was poor. XRp#@terns show line splitting and a
reduced intensity for some diffraction lines e.§.~242.1° as compared to the powder
pattern of the alloy LaFe;sShiss which indicate a structural transformation. Single
crystals were finally found from the alloys jkBe;sShys and NdoFesoShy, annealed at
990 °C for 30 days. Inspection on a GADDS instrumeneals tetragonal symmetry for
the crystal selected from lgreShys (a ~ 0.434, ¢ ~ 2.63 nm) and orthorhombic
symmetry for the crystal selected from sampledResShy,(a ~ 0.42, b ~ 0.43, ¢ ~ 2.58

nm).

9.3.3.1 Crystal Structure of tetragonal T, (LasFes.«Shio.y; x= 1.125; y=5.085)

Single crystal X-ray intensity data confirm a bamhntered tetragonal unit cell with a =
0.43410 nm, ¢ = 2.63070 nm. The observed systerastiigctions suggest space groups
[4/mmm 1-4m2, 1-42m, 14mm 1422, 14/m, 1-4, 14. Initial atomic positions for the highest

symmetryl4/mmmwere found from a three dimensional Patterson mdthough the
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residual value approaches R 0.045 a residual electron density of aboet8was left
close to the Wyckoff positiont2(0, 0, ¥2) occupied by Sb. Structure solution iacgp
group 14 (lowest symmetry) also terminated with same ebectdensity near the
Wyckoff position 2b. Furthermore a test for higlsmmetry prompted space group
[4/mmm The difference Fourier map around the site 219(@2,) (Figure 4a,b) revealed
that the electron density on this site is not sjghébut indicates an off-centre atom
position (Figure 4b). Therefore the site 2b wast spto 2 sites 4e and 8] for which
partial occupancies were refined to 0.168(3) ardd®(4) respectively and result in a
final R value of 0.025 and residual electron densitie$ &/2.81e/A3 Interestingly
the sum of the occupancies of site 4e and 8j coporeds to ~100 % of the occupancy in
the 2b site. The effect of these two sites whigbeap as a cluster (Figure 5) is reflected
in the anisotropy of neighbouring Fe2 at the 8g.ditseems that the split of these sites
is originated by a partial occupancy of the Fe2vetoA difference Fourier map for the
site 8g (Figure 6) reveals simple anisotropy. Altstallographic data and interatomic
distances are given in Table 3. Although overatiratomic distances agree well with
the sum of the atomic radii of the elements, theyv&hort interatomic distances
encountered, however, (Table 3b) correspond tasitles with partial occupancies. The
resulting formula LgFes,Shio.y (x=1.125, y=5.085; La e5Shuss in at. %) agrees
well with the EMPA results of Lade7.Sh3 The structural model complies very
well with observed XRPD pattern. Although the presstructural model for L&es.
xShioy confirm the main features of the structure modeledbped by [6] for
“NdFesSh,” the main differences concern (i) the split ok tBb site (Fe-atoms in the
model by [6]) into 4e and 8j (Sb-atoms) and (iig thefect Fe-site 8g resulting in a
different formula. The XRPD patterns of the almost single phase algs F€36Shys 5
and CegoFe;sShys (both quenched from 1000C) refined successfully (Table 3)

employing this structural model and thereby confisotypism of these compounds with
the LaFe&5xSio.y.
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Table 3a: X-Ray single crystal data for.Ea;Shio., and Rietveld refinement for XRPD profiles of the
isotypic compounds with Ce and Nd; standardizedh wstogram Structure Tidy [40]. Radiation:

MoK a/CuKa). Anisotropic displacement parameters/Temperdag®r [in 1Gnnt].

Parameter/compound

Prototype

Space group

a ; c(nm), Ge standard
z

Reflections measured
© range

Total number of frames
Number of variables

Re2 =S |R,2-F /SR
Re = Z|Fo-Fo|/ZF,
R = Z|lo-lJ/Zlo

RWPz[ZWi |yoi'yci|2/ZWi Iyoilz] *

X*= (Rup/Re)’

Mosaicity

Re = [(N-P+C)Ewiy?o)]
Extinction

Rp = Z|YoiYeil Z|Yoil

Residual density &% max; min

Atom parameters

LaFe; «Shyoy (XRSCD)
(x = 1.125; y = 5.085)
LasFes.,Sbs.,

14/mmm
0.43374(3); 2.6272(7)
2
35340(F,) of 379
Z20<70; 250 sec/frame
515; 10 sets
22
0.0250

Ry = 0.0355

wR2 =0.071

GOF =1.163
<4.5

0.0013(2)

3.15;-2.81

Nd,Fes.,Sbg., (XRPD)
(x=1.48;y=5.12)

LasFes,Shy.
14/mmm
0.42892(Bp93(4)
2
122
<20<100

24
0.0743

0.0846
0.0285
6.93

0.0108

0.0202

Ce2Fe5-belO-y(XRPD)
(x=1.16; y =5.08)
LaZFeé—beS-y

4/mmm

0.43098(3); 2.5994(6)

2
123
&20<100

24
0.0594

0.0770

0.0360

23.1

0.0075

0.025

RE1in 4e (0,0, 2); z; Occ.

0.34739(3); 1.01(2)

0.34745(4); 1.01(2)

0.34786(8)1(2)

U11=Uz5Uss; Ugg 01 Bgo 0.0107(2); 0.0129(7); 0.0115(2) 1.09(4) 0.55(6)

Sb1in 4e (0, 0,7); z. Occ. 0.10786(3); 1.01(2) 0.11071(4); 1.01(2) 08018); 1.01(2)

U11=Uz5Us3; Ueq, OF Bio 0.0115(2); 0.0135(8); 0.0122(2) 1.01(3) 0.64(5)

Sb2 in4d (0, ¥z , ¥4); Occ 1.01(2) 1.01(2) 1.01(2)

U11=U25Ugs. Ugq, OF Bigo 0.0118(2); 0.0122(3); 0.0120(2) 1.01(3) 0.69(5)

Sbh3 inde (0, 0,2); z; Occ. 0.4851(5); 0.168(3) 0.4774(4); 0.12(5) 0.47630730(1)

sof; Uy or B 0.0210(8); 0.029(2) 1.01(3) 0.56(5)

Sh4in 8j (x, ¥2, 0);x; Occ. 0.417(2); 0.145(4) 0.432(2); 0.16(8) 0.424(2):8090

sof; Uy; or Bigg 0.362(9); 0.029(2) 1.01(3) 0.35(5)

Felin 2a (0, 0, 0); Occ. 1.01(2) 1.01(2) 1.02(2)

U11=Uz2Uzs; Ueq. OF Biso 0.0167(7); 0.0124(9); 0.0152(5) 1.42(7) 1.57(9)

Fezin 8 (0, ¥, z); z;0cc. 0.04970(7); 0.719(7) 0.0540(2); 0.63(4) 0.@2)70.71(4)

U;11;Uz2Uzz OF Bigo 0.065(2); 0.0102(9); 0.0104(7) 1.94(7) 1.18(9)

Ueq. 0.284(7) - -
Principal mean square atomic displacements U

Lal 0.0130; 0.0107; 0.0107 - -

Sbl 0.0136; 0.0115; 0.0115 - -

Sb2 0.0122; 0.0119; 0.0119 - -

Fel 0.0167; 0.0167; 0.0124 - -

Fe2 0.0647; 0.0104; 0.0102 - -
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Table 3b: Interatomic distances [nm] for:Ea.xShio.y (x = 1.125; y = 5.085); Standard
deviation<0.0004.

Sh2 -4Sh2  0.3070 Fe2 -2Sh4 0.2233 -4Fe2  0.2756
-4La5  0.3359 -2Sbh3 0.2356 -4Fel  0.3094

Sb1 -4Fe2  0.2656 -2Fel 0.2534 -1La5 0.3623
-4La5  0.3288 -4Sh4 0.2559 -4Sh1l  0.3925
-4Sh3  0.3925 -1Fe2 0.2615 Sb4 -2Sh4  0.0509

Fel -8Fe2  0.2540 -2Sb1 0.2656 -2Sb3  0.0531
-8Sb4  0.2827 -2Sb3 0.2756 -1Sb4  0.0719
-2Shl  0.2837 -2Sh4 0.2848 -6Fe2  0.2233
-8Sh3  0.3094 -4Fe2 0.3070 -2Fel  0.2827
-8Sb4  0.3334 -2La5 0.3470 -2Fe2  0.2848

Lal -4Sbl  0.3288 Sb3 -4Sb4 0.0531 -2Fel  0.3334
-4Sh2  0.3358 -1Sh3 0.0782 -1Sh4  0.3621
-4Fe2  0.3470 -4Fe2 0.2356 -4Sh4  0.3997
-1Sb3  0.3623

9.3.3.2 Crystal Structure of the orthorhombic 1, (Nd>Fe;Shs.y; x=3.04, y=1.03)

X-ray intensity data collected for a crystal setelctfrom the sample with nominal
composition NegFeseShy, confirm orthorhombic symmetry (a=0.42670, b=0.4B310
c=2.58560) and a body centred Bravias lattice. r€xton conditions hint to the point
group mmm, suggesting space groupsnm Imn2, 1I2Zmm Im2m, Imn2, 1222, 122,2;.
The structure was successfully solved in the highgsmetry space grodummmusing
direct methods, whilst the structure solution 8as performed in space group Imm2.
A huge anisotropy (4:U,,=1:8) was observed for Fe3 atoms at the 4j sitdifférence
Fourier map for the electron density (Figure 7}has site suggested a split of the site
whilst the difference Fourier map for Fe2 yieldsmal anisotropy. Therefore the 4j site
was replaced by the 8l site 2,2, which on refinement reveals a partial occupamicy
0.404. The final least squares cycle gives=R).032 at a residual electron density of
2.58/-2.80 eA>. Refinement of the occupancies reveals partialjpaton for the site 4i
(occ=0.486) occupied by Sb3 and 4j occupied by (Be2=0.672) resulting in a formula
NdaFerShsy (x=3.04, y = 1.025; N Fe36 :Shus 5in at %), which agrees very well with
the microprobe analysis NgbFe;soShys. All crystallographic data and interatomic
distances are given in Table 4a, b. Partial ococypanh the three sites is reflected from
very short interatomic distances (Table 4b). Thecstiral model fits very well with the
XRPD pattern.
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The transformation from tetragonal to orthorhombyenmetry can be seen in x-ray
powder patterns where a reduction in intensity tiiedoroadening or splitting of peaks in
the XRPD patterns of the samples quenched fronereifit temperatures is observed
(Figure 8). Reflections (200) (105) and (107) itragonal space group split into (200)
and (020), (015) and (105), (017) and (107) reifbest respectively in orthorhombic
symmetry. Broadening of peaks observed in mosthef XRPD patterns can be

associated with the presence of both modifications.

a)

D -~

b)

y/b
L A N - RS T - -S

1 2 3 4 5 6 7 8 9 1
x/a

Figur 4. Fourier map for electron density at 2bqQ0%2) ; a) three dimensional view; b)
Projection in x-y plane.
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Table 4a: X-Ray single crystal data for JRe;..Shs.y (12); standardized with program
Structure Tidy40]. Radiation: MoKx; 20 range (°) = 220<70; w-scans, scan width 2°
= 140 sec/frame; Total number of frames & sets=&6#1; Anisotropic displacement
parameters [in anr].

Parameter/compound NdFe;.,Sh.y (x= 3.04, y=1.03)
Prototype Nd;Fe;,Shs.y

Space group Immm

a ; c[nm], Ge standard 0.42632(6); 0.43098(7); 2.58p3(3
z 2

Reflections measured 592>406(F,) of 646
Number of variables 34

Mosaicity <4.5

Re =X |F,2-FA/ZF,2 0.0324

Rint 0.0486

wR2 0.0898

GOF 1.131

Extinction 0.0009(3)

Residual density &% max; min 2.58; -2.80

Atom parameters

Nd1in 4i (0, 0,2); z; Occ.
U11;Uz0 U3z Ugy,

Shlin 4i (0, 0,2); z Occ.
U1y Uz Uss Ugg,

Sbh2 in4j (¥, 0, ,2); Occ.
U11;Uz0 U3z Ueg,
Sh3in4i (0, 0,2); z; Occ.
Ui11;U29 U335, Ueq

Felin 2c (*, ¥, 0 ); Occ.

Ui11iU25 U335 Ugq
FeZin 4j (¥, 0,2); Occ.

U11,Uz0Us3z ; Ueg,
Fezin 8 (0,y, z;) y; z,0Occ.
U11,Uz0 Uz Ueg,

0.15348(2); 1.01(2)
0.0175(3); 0.0178(5); 0.0144(2); 0.0166(2)
0.38842(2); 1.01(2)
0.0175(3); 0.0180(6); 0.0135(2); 0.0163(2)
0.25023(2); 1.02(2)

0.0180(3); 0.0181(6); 0.0130(3); 0.0164(2)
0.01678(7); 0.486(4)

0.042(1); 0.0324(9); 0.0199(6); 0.0316(5)
1.01(2)

0.0207(9); 0.023(1); 0.0146(8); 0.0196(4)
0.0513(1); 0.672(9)

0.062(2); 0.021(1); 0.0133(1); 0.0320(9)
0.4432(7); 0.05186(9); 0.404(5)
0.015(1); 0.029(2); 0.0135(9); 0.0192(9)

Principal mean square atomic displacements U

Nd1
Sb1l
Sbh2
Sh3
Fel
Fe2
Fe3

0.0178; 0.0175; 0.0144
0.0180; 0.0175; 0.0135
0.0181; 0.0180; 0.0130
0.0425; 0.0324; 0.0199
0.0235; 0.0207; 0.0146
0.0619; 0.0209; 0.0133
0.0288; 0.0154; 0.0135
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Table 4b: Interatomic distances [nm] fod.Fe;,Shs, (x = 3.04: y= 1.03) Standard deviation

<0.0004.

Nd1 -4Sbl 0.3220 -8Sb3 0.3063 -2Nd1  0.3396
-2Fe3 0.3249 Sb3 -1Sb3 0.08678 -4Fe3 0.3913
-2Sh2 0.3288 -2Fe3 0.2115  Fe3 -1Fe3 0.0489
-2Sh2 0.3293 -2Fe2 0.2313 -1Sh3 0.2115
-2Fe2 0.3396 -2Fe3 0.2565 -2Fel 0.2532
-1Sh3 0.3535 -2Fe3 0.2607 -1Sh3 0.2565
-2Fe3 0.3558 -2Fe2 0.2766 -1Sh3 0.2607

Sbl  -4Fe3 0.2645 -2Fe3 0.2984 -2Shl 0.2645
-2Fe2 0.2660 -4Fel 0.3063 -1Fe3 0.2682
-1Fel 0.2885 -1Nd1 0.3535 -1Fe3 0.2726
-4Nd1  0.3220 -4Sb1 0.3899 -2Fe2 0.2864
-4Sb3 0.3899 Fe2 -2Sb3 0.2313 -1Sb3 0.2984

Sb2  -4Sh2 0.3032 -2Fel 0.2530 -2Fe2 0.3211
-2Nd1  0.3288 -1Fe2 0.2653 -INd1  0.3249
-2Nd1  0.3293 -2Shl 0.2659 -1Nd1  0.3558

Fel -4Fe2 0.2530 -2Sh3 0.2766 -1Fe3 0.3821
-8Fe3 0.2532 -4Fe3 0.2864 -2Fe2 0.3913
-2Shl 0.2885 -4Fe3 0.3211
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b LaFe,Sb,, Nd,Fe,,Sb,,
14/mmm Immm

Figure 5. Extended view of crystal structure offe.,Shio.y (x = 1.125; y = 5.085) and
NdoFerxShes.y (x= 3.04; y =1.03).

b)

y/hb

xxxxxxxxxxxxxxxxx

.80 88 96 1.04 112 1.20
x/a

Figure 6. Fourier map for electrorFigure 7. Fourier map for electron
density at Fe2 in 8g site; a) thredensity at Fe3 in 8| site; a) three
dimensional view; b) projection in x-ydimensional view; b) Projection in y-z
plane. plane.

9.3.3.3 Structural relations among the, modifications
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The crystal structures of biaes.«Shio.y (tetragonal), and N#&e;Shs., (orthorhombic)
are shown in Figure 5. Both structures are closelgted to each other forming almost
similar coordination polyhedra (Fig.9). Rare eadloms are at the centres of
Archimedean antiprisms with 8 surrounding Sb ato8imilar archimedean polyhedra
are formed around Sb1l, which has four rare earthfanr Fe neighbours. Sb2 is in a
tetrahedral environment of rare earth atoms whdé Ras a coordination sphere of 10
atoms (see Figure 9). Tetragonal and orthorhontbictsires can be related via group-
subgroup relations in the Barnighausen formalisih BR] as a ‘translationengleiche’
symmetry reduction of index 2 (Figure 10). Ideathg 8g site in 14/mmm (occupied by
Fe2) should split into two 4j sites but actuallygligtortion is observed for one 4j site
which was replaced by a partially occupied 8| agaliscussed above.

If we consider the ideal Wyckoff sequence 2c 34e84d LaFe;..Sho., seems to be
isotypic with the ZgCwSis-type [43] with exactly the same arrangement ofret in the
unit cell as in LaFe;.,Shio.y (except for Sb4 in the 8j site). Structurestgfwhether
tetragonal or orthorhombic like ZBwSis can be considered as intergrowth of slabs of
the ZrCuSj type and cubic face-centred Fe (Figure 11). Tlaeeemany structure types
with space groupd/mmme.g BWCwASs, P&TipesPly .33 EWPLAIP3, CeNiGaypwhich
are closely related to these structures and aeepirgited as composed of slabs of BaAl
and Cak (see e.g. [40]). It seems that the presence efaarths results in a distortion of
the ideal position of electron density in bothEe Shioy and NdFe;.,Shs.y.

Isotypism with LaFes,Shio.y is observed also for Glees.Shi., compound with Pr
exhibits both modifications orthorhombic and tetnagl. The plot of lattice parameters
and volume vs. rare-earths shows the lanthanid&amion as was also shown by [6]

(Figure 12). From the variation of lattice parametene can expect a partial ‘Cstate
for CeFesShio.y.
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Nd,Fe,,Sbs,

“tetra. + ortho.

“Nd,Fe,,Sb,q,
Ce,Fe,,Sb,,,

La,Fe, Sb,,,
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Intensity

(200
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Figure 8. XRPD patterns of REs;..Sho.y (RE= La, Ce, Nd) and NBe;Shs.y : a)
tetragonal; b) orthorhombic + tetragonal c) ortlooniic.

[

La,[4Sb,4Sb,] Sb,[4La4Fe,]

Sb,[4La,] Fe,[2Sb,8Fe,]
Figure 9. Atomic envirnment of Lal, Sbl, Sb2 andl Fe crystal structure of
LaoFes,Shio.y (X = 1.125; y = 5.085).
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Lal:de | Sbl:4e |Sb2:4d | Sb3:de | Fel:2a | Fe2: 8g | Sb4: §j
A/m2/m2/m | 4mm Admm | 4m?2 dmm |Ymmm|2mm. |\m2m.

‘LazFes-belo-y 0 0 v, 0 0 v, v,
I 03474 | 01079 | v | 04851 | 0 | 00497 | o0

t(2)

0,0, 12

l Y Y #V \ 4

Nd1:4; | Sbl:4i | Sb2:4j | Sb3:4i | Fel:2c | Fe2:4j | Fe3: b4d:4e | Sbd:4g
R2/m2/m2/m mm?2 mm?2 mm?2 mm?2 | mmm | mm?2 1 M 2mm m 2 m

Nd,Fe, Sb,,| 0 O 2 T A I
0 0 0 0 Y 0

0.1535 | 0.3884 | 0.2502 | 0.0168 0 0.0513 z

Figure 10. Group-subgroup relation forEas.Shio.y (x = 1.125; y = 5.085) and Mée;.
xShs.y (x= 3.04; y =1.03) in Barnighauséormalism [41, 42]. Fe3:4j in N#fe,,Shs.y
was replaced by Fe3:8| and Sb4: 4e and 4j isFdShs., are vacant sites (see text).

ZrCuSi,

— 7/CuSi ,-

Zr,Cu,Si, La,Fe,,Sb,, Nd.Fe,,Sb;, ZrCusi,
14Almmm l4/mmm Immm P4/nmm

Figure 11. Structural relations of 4f&es.,Shio.yand N@Fe;,Shs.y (orthorhombic).
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® XRPD (/4/mmm) RE Fe,,Sb,,,
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Figure 12. Lattice parameters vs. Rare earths F&.Sbo., (RE= La, Ce, Pr, Nd;
tetragonal) and REEe;Shs.y (RE = Pr, Nd, Sm;orthorhombic).

9.3.4 Crystal Structure of 13 —NdsFe;Sby,

XRPD analysis of the alloy with nominal compositiNn,,Fe7Shs; annealed at 800 °C
reveals a set of unindexed reflections which werepnesent in the XRPD patterns of
the as cast alloys or in samples annealed at 50antC900°. These reflections were
automatically indexed by programme TREOR on thesbafsa hexagonal cell @1.32
nm and c= 0.42 nm), which was different from any of the kmowhases around,
pointing to a new ternary compound. However, dusnall grain size it was difficult to
isolate a single crystal fragment from the alloyeaded at 800 °C for 7 days, therefore
the sample was kept at annealing temperature fala$é followed by quenching in cold
water. XRSC measurements of a proper single cryigtighment confirm a new ternary

compound with hexagonal symmetry and lattice patarae&=1.32nm and & 0.42nm.
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The observed systematic extinctions indicated thwessible space groups, 28,
P6&/m, P&. The crystal structure was successfully solvedditact methods in space
group P6s/m. The final least square cycle reveals residualtelecdensities as low as
3.195/-1.46e/A3 corresponding t&Rr,=0.0178. Structural details are given in Table 5a
and b. The formula resulting from the refinememigsFe;Sh; (Nd,3.1Fe3.1Shs3 5 at. %)
which is in good agreement with EMPA (Nd-e,4.35bs53.1). The structure of NgFe;Shy

is shown in Figure 12. Wyckoff sequence of the afmmsitions is 6h 6h 6h 6h and 2c,
which at first glance gives the impression of ipiyn with the CyShs-type (Auls).
However,13 can be regarded as isopointal to St because even with similar Wyckoff
positions changes in x, y parameters result infeerdnt arrangement of Sb atoms
forming walls as can be seen from Figure 12. Intresh to CuoShs there are two-
dimensional channels of Sb with alternating shad bbng bonds (Figure 12b) typical
for the structures of many of the antimonides B, 2

The structure ofiz can be considered as composed of three uniquetwgtal units: (i)
centred triangular prisms of RE atoms, (ii) intensected octahedra of Fe atoms
running parallel to [001] (Figure 12c) forming alwon of Fe atoms clusters, along the
6-fold rotation axis, and (iii) Sb ribbons whicleaunning in between (i) and (ii) (Figure
12 a and b). Similar infinite parallel columns éxis the CuygSh; and NgSn-type
structure (S. G P63/mmm) and are formed by triaangoitism (i) that are shifted against
each other by c/2 (central atom at z = ¥ and ¥4rEBid.3). Octahedral clusters (ii),
which are linked to triangles in 8n, are completely isolated in 8h; andts,

From EMPA a homogeneity range corresponding to/8b-substitution of ~ 1-1.5 at. %
is observed for; However, lattice parameters and Rietveld refinengennot give any
hint towards a solid solutionz was not observed in as-cast samples annealedlygliagc
500 °C or cooled at a rate ~ 2°/min from 900 °G@® °C. But if the sample which has
been annealed at 800 °C containing this phase eytsat 500 °C for 30 days, the phase
was still present. It seems from our observatiat th formed by a solid state reaction
with slow kinetics and once this phase formed mags stable at 700 °C, 600 °C and
500 °C. The decomposition temperaturetpfies somewhere between 820-900 °C, as
the alloy annealed at 900 °C does not containpgh&se whilst the alloy annealed at 850
°C contains this phase but only in small amountmesling at 800 °C of the same alloy

increases the amount of. Therefore due to improper choice of annealingperature,
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this phase was not caught by [18].is found to exist in equilibrium with three other

ternary compounds, 14andts (details in 3.2).
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[Fes] (001)
Figure 13. Crystal structure of jesSh;.

Nd,Fe,Sb, (P6,/m) Cu,,Sb, (P6./m) Ni,Sn (P6,/mmc)
Figure 14. Comparison of structure of JNe&Sh; with CuoSh; and NgSn.
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Table 5a: X-Ray single crystal data for JN&sSb; (13); standardized with program
Structure Tidy40]. Radiation: MoKx; 20 range (°) = 820<70; w-scans, scan width 2°
=280 sec/frame; Total number of frames =595 ; Anggoc displacement parameters [in

10°nn).

Parameter/compound A Shy
Prototype NdFe;Sb,
Space group P6s/m
Composition, EMPA at.% Ng €24 55b53.1
a ; c[nm], Ge standard 1.31808(3); 0.41819(3)
z 2
Reflections measured 983>40(F,) of 1029
Number of variables 28
Mosaicity <4.5

Re =X |F2-FA/ZF,? 0.018

Rint 0.029

wWR2 0.046

GOF 1.225
Extinction 0.0014
Residual density &% max; min 3.195, -1.46

Atom parameters

Nd1in éh (X, Y, Ya); X, ¥y
U13;Uz%Uzs

UlZ; Ueq

Occ.

Shlin 2c (1/3, 2/3, ¥4); Occ.
U11=Uz2Us3

U12; Ueq

Sh2in 6 (x, y, ¥4 );x, y, Occ.
U13;,Uo3Uzs

U12; Ueq

Sh3in 6 (x, y, ¥4 );X, y; Occ.

U;3;Uz2Usg
U12; Ueq

Felin & (x,y, ¥4);X, y; Occ.

9.34.1.11 Ui11;UopUsz3
UlZ; Ueq

Principal mean square atomic

displacements U
Nd1

Sh1
Sh2
Sb3
Fel

0.46133(2), 0.18310(2)
0.0113(1), 0.0098(1), 0.0103(1)

0.00571(7); 0.01023(7)

0.998(3)
1.012(6)

0.0116(1), 0.0092(2),

0.00581(6); 0.01081(9)
0.08317(3), 0.27640(3); 0.994(4)

0.0133(1), 0.0115(1), 0.0118(1)
0.00349(9); 0.01340(7)

0.58845(2), 0.02317(2); 1.011(4)

0.0117(1), 0.0098(1), 0.0135(1)
0.00477(9); 0.01196(7)

0.13082(6), 0.07664(6); 1.00(1)

0.0148(3), 0.0123(2), 0.0104(3)
0.0075(2); 0.0121(1)

0.0113, 0.0103, 0.0091
0.0116, 0.0116, 0.0092
0.0180, 0.0118, 0.0104
0.0135, 0.0126, 0.0098
0.0148, 0.0113, 0.0103
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Table 5b: Interatomic distances [nm] fad;Fe;Sb; (15); Standard deviatios0.0004.

Nd1- -1Sh4 0.3205 -2Fe5 0.2737 -1Nd1 0.3288
-2Sh2 0.3208 -1Fe5 0.3001 -25h3 0.3322
-2Sbh4 0.3231 -2Nd1 0.3269 Fe5- -4Fe5 0.2578
-2Sb3 0.3269 -2Sbh4 0.3322 -2Fe5 0.2603
-1Sb4 0.3288 -1Nd1 0.3526 -1Sb3 0.2620
-1Sb3 0.3526 -4Sb3 0.3859 -2Sb3 0.2737
-1Fe5 0.3856  Sh4- -2Sbh4 0.2964 -Sh3 0.30001

Sbh2- -2Nd1 0.3208 -1Nd1 0.3205 -2Fe5 0.3663
-4Nd1 0.3208 -2Nd1 0.3231 -1Nd1 0.3856

Sbh3- -1Fe5 0.2620

9.3.5 Cirystal Structure of 14- NdFeSh

The crystal structure of NdFeStvas recently determined from Rietveld refinement o
the X-ray powder pattern [44] and was describedsagypic to CeNiSp [22]. Quite
recently the crystal structure of REF@SBE = Pr, Nd, Sm, Gd and Th) was reported as
LaPdSh-type in an hitherto unpublished paper [45]. Thedeigresented by [44] was
not confirmed in the present work by Rietveld mefnent of NdFeSbannealed at
800°C (4 days) and 500°C (30 days). The observe®XRattern was successfully
fitted as isotypic to the LaPd&bype [5], which has double the c lattice parametitin
respect to RECrSlstructure type [46]. CeNiglhas a triple c-parameter as compared to
RECrSh. Thomas et al. [25] discovered a new polymorpRBENIiSk with doubled c-
parameter as compared to parent REg&Bll regarded it gsmodification of RECrSpg
whilst RENiSk with triple c-parameter was regarded asdhmodification [22]. The3-
modification was also reported recently feRECoSh (RE=La-Nd, Sm) [27]. Therefore
the structure of NdFegb (Table 6) with unit cell a=1.2677(3) nm, b=0.6361),
c=1.2132(4) nm) with double c parameter as compacegarent RECrShtype is

regarded a$-RECrSh. The structures of tha and pB-modifications are discussed in

detail in Ref. [22, 27].

150



Table 6: X-Ray powder diffraction data for NdFgSh,); standardized with program
Structure Tidy[40]. Temperature factors in [in 40h).

Parameter/compound NdFeSh
Prototype LaPdSh

Space group Pbcm
Composition, EMPA at. % Nd F€19.95h50.1
Composition, refinement at. % MEFexeShyo

a ;b; c[nm], Ge standard 1.2681(4); 0.61659(7); 1.2133(3)
Reflections measured 573

© range 8<20<100
Number of variables 37

Re = Z|Fo-Fel/ZF, 0.070

R =Z|lo-1 |zl 0.096
Rup=[ZWilYorYeil /EWilYoil T 0.034

Re = ZlYorYal Z|Yol 0.024

Re = [(N-P+C)EWy )] 0.007

X2 = (RuRe)? 213

Atom parameters

Nd1 in 4c (x, ¥4, 0);Xx 0.6999(3)

Occ. ; By 1.01(2); 0.47
Nd2in 4d (x, y, %); X, y 0.31150(3), 0.2779(7)
Occ. ; By 1.0(2); 1.7(2)
Fein8(x,y,2;X,Y,2z 0.1037(5), 0.025(1), 0.8596(5)
Occ. ; By 1.01(2); 2.8(1)
Sb1in 4c (x, ¥4, 0);x 0.9735(3)

Occ. ; By, 1.0(2); 2.24(8)
Sbzind4d (x,y, ¥); X,y 0.7777(3), 0.2668(8)
Occ. ; By 1.01(2); 0.98(1)
Sk3in8&(X, Y, 2; X, Y, z 0.5045(2), 0.5105(5), 0.8761(3)
Occ. ; By 1.0(2); 0.59

Sk4 in 4c (x, ¥4, 0);x 0.2225(3)

Occ. ; By 1.0(2); 1.2(1)
Sb5in 4d (X, y, ¥4); X, y 0.9368(3), 0.9018(5)
Occ. ; By 1.0(2); 1.8(1)

9.3.6 Magnetic and Transport Properties

The temperature dependence of the inverse molanetiagusceptibility of NdFeShs
shown in Figure 15a. Above about 50 K, the susb#yi follows a modified Curie-
Weiss (MCW) law with the paramagnetic Curie tempeeb, = -9.9(2) K, the effective

magnetic momenies = 3.68(5)us, and the temperature-independent tgsw 5.56(2) x
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10* emu/mol. The experimentally determined effectivegmetic moment is very close
to the free N& ion value of 3.62(4ps, which shows that Fe atoms do not impart any
magnetic influence to the magnetic properties oFé&h.

As is apparent from the upper inset to Figure Nei;eSh orders antiferromagnetically
below Ty = 3.0(1). The isothermal magnetization at 1.7 Kasueed as a function of the
magnetic field strength is typical for an antifenagnetic ground state (see the lower
inset to Figure 15a). Remarkably, a metamagneétedransition is observed near 15
kOe.

The resistivity data for NdFeglare presented in Figure 16a. The magnitude angesha
of the resistivity curve is typical for rare eaititermetallics. The antiferromagnetic
phase transition at 3.0 K manifests itself as airais kink in p (T) (see the inset to
Figure 15a). Below 1 K the resistivity curve exksba downward curvature that may
hint at another phase transition which could be@aged with some spin reorientation.
In the paramagnetic region, above about 70 Kp(fi¢ curve may be represented by the
so-called Bloch-Griineisen-Mott (BGM) expression][47

4% 5
_ o T x>dx B
PT)=(0, +py)+ 4RT(@ j J (ex _1)(1_e_x)

where po + po”*) stands for the sum of the residual resistivite ¢l static defects in the

D

crystal lattice and the spin-disorder resistivityedto the presence of disordered
magnetic moments, respectively. The second termaritbes the phonon contribution to
the total resistivity ®p is the Debye temperature), and the third termesgmts s-d
interband scattering processes. Fitting the BGM ehdd the experimental data of
NdFeSh one obtains the valuegpy + po” = 139.2(8)uQcm, ©p = 193.6(9) K, R =
0.42(1) pQem/K and K = 1.23(3) x 10 uQecm/k3. Below ca. 70 K, the experimental
p(T) curve markedly deviates from the BGM fit, lilgallue to crystal field contribution
to the electrical resistivity that makes g term being temperature dependent.

The specific heat of NdFeglvaries as a function of temperature in a usuahsig-
shape manner (Figure 17). A small hump in C(T) eehairound 7.0 K is probably due
to crystal field effects (Figure 17b). At highenrieeratures, the C/T vs.?Teurve
exhibits a straight-line behaviour, observed up2#b K. From this region one may
extrapolate an enhanced Sommerfeld coefficienbofia400 mJ/(mol R (see the inset

to Figure 17). The antiferromagnetic transition,irgerred from the magnetization and
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resistivity data, is clearly corroborated by a manced lambda-shaped peak gt=T3.0
K.
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Figure 15 Temperature dependencies of the inverse magnasceptibility of a)
NdFeSh b) NdbFesxShioyand c) CeFes..Shyo.y. The solid lines represent the modified
Curie-Weiss fits discussed in the text. The upperets show the low-temperature
susceptibility measured in the field of 1 kOe, whihe lower insets display the
magnetization isotherms taken at 1.72 K with insieg (full symbols) and decreasing
(open symbols) magnetic field. d) The magnetizatisn temperature measured for
NdsFe;Shy in a magnetic field of 0.1 kOe upon cooling the@men in zero (ZFC) and
applied field (FC).

The magnetic data obtained for J¥es..Sho.y (T12) and isotypic Cge5.Shioy are
presented in Figures 15b and 15c, respectively. dath compounds the magnetic
susceptibility exhibits a plateau below 30 K andntlshows an upturn below about 5 K
(see the upper insets). The isothermal magnetizsiken at 1.7 K is almost linear with
the magnetic field strength (cf. the lower insetis)l shows no hysteresis effect. For both
compounds, above 50 K the magnetic susceptibiktyibéts a modified Curie-Weiss
behaviour. The least-squares fit of the MCW lawthe experimental data yielded the
following values:pes = 9.6(1)us, 6, = -48.1(3) K and(g = 7.0(5) x 16 emu/mol for the
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Nd-based compound, angs = 8.6(1) ps, 6, = -78.9(4) K andxo = 5.2(5) x 16
emu/mol for the Ce-based phase. As the so-deritfedt®e magnetic moments are
much larger than the values for the respective fRE® ions, some magnetic
contribution due to the Fe sublattice becomes alsidAssuming that the magnetic
moments on the Nd ions contribute to the tptalthe Russell-Saunders value of 3.63
us, one obtains a valugee = 4.2 pg for the Fe-contribution in N#éFe;Shs.,. This
magnetic moment is slightly smaller than the thecaé spin-only value of 4.9yig for

an Fé" ion.

If in CeoFes.xShyo.y the Fe sublattice contributes the same moment &sei Nd-based

counterpart, then the effective magnetic momera@ated with Ce ions is 11, i.e. it
is distinctly smaller than that expected for trevatl cerium (2.541g). The latter finding

is in line with the indication from the lattice paneters towards a Eestate. From these
arguments one may expect that Ce ions iF&8Shio., have an unstable 4f shell.
The latter conjecture finds further support in tiehaviour of the electrical resistivity of
the compound (Figure 16c¢) which is reminiscenthaf properties of Ce intermetallics
governed by Kondo effect. Apparently, the resigfivof CeFesShio.y exhibits a
maximum near 30 K followed by a negative slopeighér temperatures. As displayed
in Figure 16c¢, above about 70 g(T) may be approximated by the formula

P(T)=(py +pg) +CyT +C INT
where the second term stands for the phonon caititsib to the total resistivity, while
the third term represents the spin-flip Kondo ssatgy of conduction electrons on
localised magnetic moments. The parameters defieed the least-squares fit are as
follows: po + po* = 241.0(2)uQcm, Gn = 0.037(4)uQcm/K and g = -13.0(3)puQecm.
The enhanced value of the latter coefficient inghairly large density of states at the
Fermi level, and significant mass enhancement duateractions of Ce 4f electronic
states with conduction electron states. Furthedissuon the intriguing electrical
transport phenomena in &&;.,Shio.y are presently underway and will be reported in a

separate article.
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Figure 16. Temperature variations of the electriealstivity of a) NdFeSh b) Nd:Fe;.
«Shio.y, €) CeFesShio.y and d) NdFe;Shy. The inset to a) displays the low-temperature
part of the electrical resistivity. The inset todijows the temperature derivative of the
electrical resistivity in the low temperature ran@ée solid lines in a) and b) are the
Bloch-Griineisen-Mott fits discussed in the texte ®olid line in c¢) is a Kondo fit (see
the text).

In contrast to the Ce-based compound, the elettassstivity of NdFes.«Shyo.y Shows a
regular metallic behaviour (Figure 16b). In theirentemperature range studied, &)
curve may be described within the BGM approachtingtthe BGM model to the
experimental data of NBe;.«Shio.y one derives the valuegy + po” = 197.1(3)uQcm,
©p = 167.9(6) K, R = 0.066()Qcm/K and K = 6.0(1) x & pQcm/K3. As the BGM
formalism neglects crystal field interactions thikely affect p(T) of NdbFe;Shio.y at
low temperatures, the above values should be ceregidas rough estimations only.

As documented in Figure 15d, the magnetic behawdiNdsFe;Shy; is fairly complex.
The compound orders magnetically at about 360ke)yliwith a ferri- or ferromagnetic
arrangement of both neodymium and iron magnetic emdsa This magnetic state
becomes unstable around 50 K, and at lower tempesathe magnetization curves

measured in zero field cooling (ZFC) and field @ogl (FC) regimes display very
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unusual behaviour. In order to clarify these compéatures, neutron diffraction studies
are indispensable.

The electrical resistivity of Nffe;Sb; has metallic character (Figure 16d). Because the
compound is in the magnetically ordered state ughéoupper temperature limit of the
measurements performed, no attempts to anap@ in terms of particular
contributions were made. At the hypothetical ph&sasition at about 50 K the
resistivity curve shows a clear kink, which brirgisout a pronounced anomaly in the

temperature derivative of the resistivity (seeittset to Figure 16d).
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Figurel7. a) Temperature dependence of the spéaétof NdFeShThe inset presents
C/T vs. T. The solid line represents the fit discussed i@ tbxt. b) Temperature
variation of the C/T ratio at low temperatures dogarithmic scale.

9.4 Conclusions

Systematic investigations using XRDP, XRSC, LOM &RMA were made in the Nd-
Fe-Sb system and an isothermal section at 800 °€ ewamstructed. Five ternary
compounds take part in the phase equilibria at 800 The ternary compounds,
NdsFesSb (1) and NdFe.Sh (t5), already known in literature, were confirmed I t
present work, whilst the crystal structures forethternary compounds 1E88.xShio.y,
NdoFe;Shsy (t12), NdsFesShy (t3), and NdFeSP (14) were established in the present
investigations. The crystal structure Bf 13 weredetermined by single crystal x-ray
diffraction. Two different modifications were fourfdr 1,: tetragonal is L#es.,Shio.y -
type (S. Gl4/mmm a = 0.42897(2), ¢ = 2.5693(4)) and orthorhombitNthFe;She.y-
type (S.G.Immm a = 0.42632(6), b = 0.43098(7), ¢ = 2.5823(3):F&-xShio.y was
found isotypic to the tetragonal iFes..Shio.,~type, while compound with Pr and Nd

were found in both modifications. 4fees..Shyo.y-type is found similar to Z2€u,Sie-
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type with one additional Wyckoff position. Strucurelations between orthorhombic
and tetragonal modification and with other struetuypes were describedis
(NdsFesShy) was found to crystallize with a unique structtyee (S. G Pgm, a=, c9
and is isopointal to the Ggbls-type. Similarities among the  structures of
T3(NdsF&sShy), CuoSh; and NgSn were discussed in detail. The structuretgf Was
solved by Rietveld refinement of the X-ray powdattern and was found isotypic to
LaPdSh, which is the3-modification of the RECrSltype with a doubled c-parameter.
NdFeSh orders antiferromagnetically below ~3.0 K, as rfested in all the bulk
characteristics of the compound: temperature vanatof the magnetic susceptibility,
the specific heat and the electrical resistivitheTatter data hint at another order-order
phase transition at about 1 K. In this compound rttegnetic features are associated
exclusively with Nd ions. In contrast, in all théher ternaries studied likely also the Fe
sublattices significantly contribute to the overatlagnetic behaviour. As a result,
Nd2Fe5xSbhioy, CeFen\Shs.y and NdsFesShy exhibit very complex physical properties
that call for further studies with the use of otlperimental techniques, especially

neutron diffraction.
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10Antimony rich corner of Ce-TM-Sb Systems (TM=
Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W, Mn, Re, Cu, Aqg,
Zn, Cd) at 600 °C.

10.1 Introduction

Ternary transition metal antimonides with rare Rmrtepresent a large group of
compounds with diverse structural and physical eriogs. One of the antimony rich
examples is the filled skutterudites with LaBhl, structure, which are an emerging
class of compounds with promising thermoelectrmpprties [1, 2, 3, 4, 5]. As a logical
continuation of our research for new thermoeleatnaterials, we attempt to prepare a
series of antimony rich alloys with cerium and siéion metal elements (TM= Ti, Zr,
Hf, V, Nb, Ta, Cr, Mo, W, Mn, Re, Cu, Ag, Zn, Cd) order to find new promising
phases and their phase relations. The list of ¢éhected transition metals cover a broad
field of transition metals in the periodic charigire 1). The TM from group VIII are
from complex antimonides including the skutteruditee. We studied phase relations,
crystal structures of ternary compounds and phiypicperties in the Nd-Fe-Sb system
(See Chapter 9). Some of the known ternary compmounthe antimony rich corner are
REsTMSb;s (RE= La, Ce; TM=Mn, Cu, Zn) [6], RE4RSk, (RE=La, Ce, Pr, Nd, Sm,
Gd, Tb) [7] RETM.Sh RE, CeAgSh [8], CeCuSh [9] and RETi;Sh;» (RE=La, Ce,
Pr, Nd) [10].

10.2 Experimental

Alloys (1-2g) with nominal composition CeTM§lwvere prepared by powder metallurgy
in the following way. Master alloy Ceglwas prepared by reaction of elemental ingots
of Ce (99.9%) and Sb (99.99%) in evacuated quartes at 600C. The reaction
product was then powderized to get a homogenousemadloy. Stoichiometeric
amounts of CeSbmaster alloy and fine filings of the correspondingnsition metal
element (each with purity 99.99%) or fine powderscase of Re, Mn, W were mixed

and compacted into tablets of 1 cm diameter pwocdld pressing in steel die. Each
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sample was sealed in an evacuated quartz tubeeantians were carried out at 60D
except for Zn, Cd containg alloys which were redcé 300-400°C first and then

temperature was slowly increase to 6@ After one week the alloys samples were
guenched in cold water and tablets were repowddrarel cold compacted again and
placed again at 608C for one week in order to ensure complete reactidter one
week the samples were quenched in cold water.

X-ray powder diffraction data from each alloy werellected employing a Guinier-
Huber image plate system with CunkKor Fe-Ky1 (8° < 26 < 100°). Precise lattice
parameters were calculated by least-squares fitsdexed 4*values employing Ge as
internal standardage= 0.5657906 nm).

10.3 Results and Discussion

Information on the binary boundary systems Ce-3%,9b, Ce-TM were accepted after
[11, 12]. Crystallographic data for all unary, biypand ternary phases are compiled in
Table 1. X-ray powder analysis of the alloys aterat 600 °C reveals three-phase
equilibria in the antimony rich corner of the Ce-13lb systems (TM =Ti, Zr, Hf, V, Nb,
Ta, Cr, Mo, W, Mn, Re, Cu, Ag, Zn, Cd). Partialtlsermal sections at 600 °C for the
antimony rich corner for all these systems are el in Figure. 1. No ternary
compound was found with Ti, Zr, Hf, V, Nb, Cr, Reernary compounds, CeCuSdénd
CeAgSh (S.G P4/nmm with ZrCuSp structure [8, 9], G&ZnShs CeCuShs and
CeMnShs (S. G.Imm2, with LaMnShys structure [6] were confirmed. The compound
Ce;CuShs reported in the ref. 6] was not mentioned by M&mzt al. [13] in the Ce-
Cu-Sb system at 670/870 K. However a small intgresirresponding to GEuShswas
observed in the present work. The unknown peakiserx-ray profiles of the alloys with
Mo, W and Cd were indexed as new compoundsMo8hbis, and CeWShs, and
Ce;CdShs with LasMnShis structure type. A series of compounds R XShia+y
(RE=Pr, Sm, Gd-Ho) related to thesZaShs type is reported by Liu et al. [14] also
with orthorhombic symmetry but in space grompmm X-ray powder pattern of;
observed in present work resemble more closelyh® ltaZnShs type. However
complete structural determinations are needed. fdatahase equilibria are summarized
in Table 2. The derived phase equilibria for ahsition metals studied can be classified

into three types depending on the existence ofrpiaaternary compounds as shown in
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Figure 1. Type | with no ternary compound and (Sbh equilibrium with (i) CeSphand
TMShb, (TM= Ti, Zr, Hf, V, Nb, Ta, Cr) and (ii) CeSkand TM (TM=Re). Type Il is
with one ternary compourd wheret; and (Sb) are in equilibrium withy and binary
compounds MgBhb; or MnSb or with transition metal (W). In type ItWo ternary
compounds and; (CeTMShys) andt, (CeTMSB) (where TM=Ag, Cu, Zn, Cd) are in
equilibrium with (Sb). This classification can bees in the Periodic chart shown in
Figure 2. TM is from group IVB, VB, Cr (VIB) and R&1IB) belong to type | phase
equilibria and TM is from Group IB and 11B belong type Il equilibria, Whilst TM is
from group VIB belong to Type Il with the exceptioh Cr which comes with Type 1.
Mn from VIIB shows type Il equilibria while Re beigs to type I.

IVB VB VIB VIIB 1B 1B
Ti V Cr Mn Fe Cu Zn
| | | I 1] 1

Zr Nb Mo Ag Cd

Hf Ta W Re
| | I |

Figure 2.Periodic charhighlightingthe TM used in present work and corresponding

class of phase equilibriall, Il indicate types of phase equilibria.
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Table 1. Crystallographic data for relevant solchges in the Ce-TM-Sb systems (TM=

TM =Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W, Mn, Re, Cu,dA Zn, Cd).

Phase Space  Structure typ Lattice parameter Reference
Group
(Sh) Ram As 0.43084 - 1.12470 [11]
(W) Imam w 0.31652 - - [11]
(Re) P6s/mmc Mg 0.27609 - 0.4458 [11]
CeSh Cmca SmSh 0.6280 0.6130 1.8240 [11]
ZrShy Pnma PbCl 0.7393(1) 0.39870(7) 0.9581(1) [15]
TiSh, [4/mcm  CuAl, 0.66531(5) - 0.58092(7) [16]
a-HfSh, Pnnm TiAs, 0.9869(5) 1.4981(12) 0.3848(3) [17]
VSh, [4/mcm  CuAl, 0.65541 - 0.56385 [16]
TaSh Cl2/ml OsGe 1.022 0.3644; 0.828 [18]
=120.4
NbSh Cl2/ml OsGe 1.0239 0.36319 0.8333 [19]
[3=120.07
CrSh Pnnm FeS 0.60183(4) 0.68736(2) 0.32704(2) [20]
Mn1.1Sb P6;/mmc  NisIn 0.4230 - 0.5700 [21]
MosShy Imam RusSry 0.95713(8) - - [22]
CeMoSbs (1)  Imm2 LaMnShis  1.5237(2) 1.9291(3) 0.4313(8) This work
CeWSb;s (1)  Imn2 LasMnShis  0.4326(1) 1.5242(9) 1.926(3) Thist work
Ce,CdShe(ty) Imn2 LaMnShis  1.5228(3) 1.9321(8) 0.43240(6) Thist work
CesMnShy(ty) LasMnShys  1.5150(4) 1.9387(7) 0.42931(8)  Thist work
1.51538(2) 1.93646(3) 0.427422(7) [6]
CeZnShs (1)  Imn2 LasMnShys  1.5221(7) 1.9276(8) 0.43203(6) This work
1.5215(2) 1.9264(6) 0.43215(5) [6]
CeCuSh (1) P4/nmm  ZrCuSh 0.43346(4) - 1.0257(3) This work
0.43378(6) - 1.0233(5) [9]
CeAgSh (1) P4/nmm  ZrCuSh 0.43718(3) - 1.0741(7) This work
0.43641(9) - 1.0722(4) [9]

Table 2. Three phase equilibria and lattice patarador the antimony rich corner of the Ce-TM-Sbktens(TM= Ti,
Zr, Hf, V, Nb, Ta, Cr, Mo, W, Mn, Re, Cu, Ag, Zn, Cd)

Nominal Phase equilibria Phases Lattice parameters, nm
Composition
a b [
CeTiSh (Sb)- TiSh,— CeSh TiSh, 0.66525(2) - 0.58081(6)
(Sh) 0.43074(6) 1.1279(2)
CeSh 0.6271(4) 0.6150(2) 1.822(1)
CeZrSh (Sb)- ZrSh,— CeSh ZrShy 1.4967(9) 0.9966(3) 3.8814(3)
Sb 0.43057(8) - 1.126(1)
CeSh 0.6275(2) 0.6152 1.8231(3)
CeHfSh (Sb)- HfSh,— CeSh Sb 0.43072(5) - 1.1282(2)
CeSh 0.62954(7) 0.61497(8) 1.82493)
HfSh, 1.4996(7) 0.9878(2) 0.38511(3)
CeVSh (Sb)- VSh,~ CeSh VSb, 0.65528(8) - 0.5640(1)
Sb 0.43094(6) - 1.1276(4)
CeSh 0.6275(1) 0.6153(1) 1.823(2)
CeNbSh (Sb) NbSh— CeSh Sb 0.43068(5) - 1.1276(3)
CeSh 0.62769(8) 0.6154(9) 1.823(4)
NbSh 1.0233(8) 0.36301(3) 0.8328(7)
CeTaSh (Sb)y- TaSh- CeSh Sb 0.43066(5) - 1.1278(4)
CeSh 0.6275(2) 0.6149(3) 1.820(2)
TaSh 1.0221(6) 0.36460(2) 0.82917(5)
CeCrSh (Sb)- Crsh— CeSh Sb 0.43082(3) - 1.1283(4)
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Nominal Phase equilibria Phases Lattice parameters, nm
Composition
a b c
CeSh 0.62778(4) 0.61560(2) 1.824(1)
CrSh 0.60274(9) 0.6873(2) 0.32714(2)
CeMoSh (Sb)- MosSb—-1; Sb 0.43073(6) - 1.1274(7)
Mo,Sh; 0.95711(4) - -
CeMoShie (14) 1.5237(2) 1.9291(3) 0.4313(8)
CeWsh (Sb (W)-14 Sb 0.43092(8) - 1.1274(7)
w 0.31653(1) - -
Ce;WShys(14) 1.5242(9) 1.926(3) 0.4326(1)
CeMnSh (Sb)- MnSb- 1, Sb 0.43092(8) - 1.1274(7)
MnShb 0.41299(4) - 0.5792(1)
CeMnShys(11) 1.5150(4) 1.9387(7) 0.42931(8)
CeReSh (Sb)- (Re)-CeSh Sb 0.43056(3) - 1.1280(3)
CeSh 0.6278(2) 0.6153(2) 1.819(3)
Re 0.27611(1) - 0.44582(3)
CeCuSh (Shy1,-1, Sb 0.43075(7) - 1.1285(4)
CeCuSh(1,) 0.43346(4) - 1.0257(3)
Ce,CuShs(1y) 1.6311 2.0765 0.4162
CeAgSh (Shy1,-15 Sb 0.43055(3) - 1.1274(5)
Tl - - -
CeAgSh (1,) 0.43718(3) - 1.0741(7)
CezZnSh (Shy1,-1, Sb 0.43070(8) - 1.1269(4)
CesZnShs (1)) 1.5221(7) 1.9276(8) 0.43203(6)
CeZn,Shy(t) - - -
CeCdSh (Shy1,-1, Sb 0.43075(6) - 1.1282(3)
Ce;,CdShs(ty) 1.5228(3) 1.9321(8) 0.43240(6)
CeCd,,Shy (1) - - -
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Type | Type I Type lll

Sb Sb Sb
. Ce-Re-Sb %, 100 Ce-TM-Sb 0 TM= Ag, Cu,
Ce'T“/l'Sb O 100 TM=Ti, Zr, Hf, V, 600 °C 600 °C > Zn, Cd
600 °C Nb, Ta, Cr 2 t,=Ce,TMSb,,
F;z: CeSb, 1,=CeTM,,Sb,
80
\F,

/\JV\_-\,\/\J_\J\,/\IV\,—\/\

Figure 1. Partial isothermal sections for Ce-TMs$btems at 600
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Summary

Throughout this thesis the synthesis, crystal strecof the new/unknown ternary
compounds and phase equilibria in the systems faltefor thermoelectric
applications were studied using classical arc mgltand powder metallergical
techniques, X-ray Powder Diffraction (XRPD), X-r&ingle Crystal Diffraction
(XRSCD), Light Optical Microscopy (LOM), and Eleotr Probe Micro Analysis
(EPMA).

Novel compounds B§Zn,Cd}-;Si-39 with clathrate type | structure and with no
appreciable homogeneity range were discovered aed trystal structure was
elucidated with x-ray single crystal data for the @mpound and Rietveld refinement
of the x-ray powder pattern for the Cd compoundsksin temperature of about 80 K
for Ba (2) was derived from the temperature depen@ebye-Waller factor for the
Zn clathrate.

Vacancy-free quaternary clathrate solid solutioasZB,Gese.x.,Sly, Bag(Zn,Cu)Geye.

x and Ba(Zn,Pd)Geys.x were synthesised and complete structural evahmtwere
made on the basis of x-ray powder diffraction an@k single crystal analyses. The
isothermal section at 800 °C was constructed fergimaternary system Ba-Pd-Zn-Ge
and patrtial isothermal sectiotBagGeys'-"BagPdis"-"BagZnse’, "BagGess'-"BagClys” -
"BagZnyg' and"BagGeys'-"BagSiss'-"BagZnae’ at 800 °C were presented.

Phase equilibria in the systems Ce-M-Sb (M = Si, &® were studied in the phase
region CeSh-Sbh-M. No ternary compound was found in the Ce{sis§stem in the
phase region CeSb-Si-Sb. The ternary compound3eg,Shys.xwas found to adopt
a superstructure of the §@e sShiz, type with space grougc222 and lattice
parameters doubled in direction a (0.86075(2) anmg b (2.15154(4) nm) while ¢
(2.68227(5) nm) remains the same resulting in & cell with volume and Z four
times bigger that of the k&e gShiz, type. The group subgroup relations for
symmetry reduction was work out. Partial isothersedtions at 200 and 400°C were
constructed for the Ce-Sn-Sb system.

Phase relations were derived in the Sr-poor regafriee systems SNi-Si (at 900
°C) and SrCu-Si (at 800 °C). Two new ternary compouridsSrNiSk (BaNiSs-

type), 13-SrNigxSis+x (OWn type) were found and the structurer®BrNig.xSis+x (OWN
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type) was solved by x-ray single crystal analysid avas found to be a primitive
tetragonal variant of the Nagstype with S. G. P4/nbm Compositional
polymorphism was observed for SHGiSix (1.8&x<4) (NaZnstype) and SrCaiSis+x
(0=x<1.0) (CeNgsSiystype).

The crystal structure of a novel compound Ba@® (x=0.29) was determined from X-
ray single crystal counter data as a unique stradigpe. Isotypic compounds were found
for SrCa.xGe and EuCeGe (Xx~0.3). Structural details were provided for nuower new
compounds in the related systems Ba-M-X (M=PdCRt,Zn, Cd, Rh, Ir; X=Si, Ge).

An isothermal section at 800 °C was constructed tfe Nd-Fe-Sb system. Crystal
structures for four ternary compounds ,;Re.,Shs.y (T2), LapFe&sxShioy, NdsFesShy (13),
and NdFeSh (t4) were established. Two different modifications wdoaind for t,:
tetragonal is LgFes,Shioy-type (S. Gl4/mmm a=0.42897(2), c=2.5693(4¥e structure
of which is also established in present work artiashombic is NeFe;Shs.-type (S.G.
Immm a=0.42632(6), b=0.43098(7), c=2.5823(3)). Isatyppbmpounds were found with
Ce and Pr. Compound with Ce is adopt tetragonatttre and compounds with Pr exhibit
both modificationsts (NdsFeShy) crystallizes with a unique structure type (S. &/, a
=1.31808(3)nm, ¢ = 0.41819(Bexhibiting interesting structural features andsigpointal

to the CucShs-type. 14 adopts the LaPd&ttype, which is theB-modification of the
RECrSh type with doubled c-parameter. Physical propertiesluding magnetism,
electrical conductivity and specific heat were nuead for selected compounds in Nd-Fe-
Sb system and isotypic compounds with La and C&dSty orders antiferromagnetically
below ~3.0 K, as manifested in all the bulk charastics of the compound: temperature
variations of the magnetic susceptibility, the sppedeat and the electrical resistivity. In
this compound the magnetic features are assocedeldsively with Nd ions. In contrast
Fe sublattices significantly contribute to the alemagnetic behaviour of REes.«Shio.y
(RE= Nd, Ce). NgFe;Sby exhibits very complex physical properties that éat further

studies with the use of other experimental techeggespecially neutron diffraction.
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